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Abbreviations and Symbols 


The following abbreviations have been used in the text except where otherwise 


stated. 


A 


AQ AN 
g * 


woe 
“ Bf 


AOS 2% 
e 


max. 
min. 

mol. 

O.A.P. 

P 

R 
r<v(orr>v) 


rh 

r 

2V 
X,Y, Z 


a, B, y 
a, B, y 


a, B, y 


Qa 


bE ™ ~ vd 


Angstrom units (107'°m) 
cell edge in the x direction 
rhombohedral cell edge 
hexagonal cell edge 
analysis or analyst 

cell edge in the y direction 
acute bisectrix 

cell edge in the z direction 
calculated 


snecific gravity 
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(in association with A) sodium (yellow) light (589 nm) 
interplanar spacing 

differential thermal analysis 

total iron (e.g. probe determination) given in terms of FeO 
hardnecc (Mohs scale) 
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maximum 
minimum 
molecular 
refractive index (for a cubic mineral) 
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optic axial plane 
pressure 
metal ions 


the optic axial angle in red light is less than (or greater than) 
that in violet light 


chombohedral 
temperature 

the optic axial angle 
the crystal axes 


number of formula u 
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least, intermediate and greatest refractive indices 

angles between the positive directions of the y and z, x and z, 
and x and y crystal axes 

the vibration directions of the fast, intermediate and slow ray; 


alen thace rauvc 
@iSO wiese rays 


birefringence 

polar coordinate: polar angle measured from z 
[010] 

polar coordinate: polar angle measured from [010] 
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extraordinary ray, refractive index 
ordinary ray, refractive index 
approximately equal to 
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Preface to First Edition 


In writing these volumes the primary aim has been to provide a work of reference 
useful to advanced students and research workers in the geological sciences. It is 
hoped, however, that it will also prove useful to workers in other sctences who re- 
quire information about minerals or their synthetic equivalents. Each mineral has 


heen treated in came detail andit hac thuc heen nececcary to rectrict the coverage 
VELL LIVGLLM 11 OWLLIY MVLGil, CALAN AL 24M LALO UV BLU WOU Y tw kBwoL, AW LELY VW Tw “or 


to a selection of the more important minerals. The principle in this selection is im- 
plied in the title Rock-Forming Minerals, as, with a few exceptions, only those 
minerals are dealt with which, by their presence or absence, serve to determine or 
modify the name of a rock. Some may quarrel with the inclusion or omission of 


nartionlar minarales ance cammittad hawaver ta the diconccian af a mineral ar 
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mineral series the less common varieties have also been considered. 

Most of the information contained in this text is available in the various scien- 
tific journals. An attempt has been made to collect, summarize and group these 
contributions under mineral headings, and the source of information is given in 
the references at the end of each section. The bibliography is not historically or 
otherwise complete, but the omission of reference to work which has been encom- 
passed by a later and broader study does not belittle the importance of earlier in- 
vestigations; where many papers have been published on a given topic, only a 
limited number have been selected to illustrate the scope and results of the work 


rAarmArt 


they LEPyLe. 

The collection of data and references should bring a saving of time and labour 
to the research worker embarking on a mineralogical study, but it is hoped also 
that the presentation of the results of study from many different aspects, and in 
particular their correlation, will further the understanding of the nature and pro- 
perties of the minerals. Determinative properties are described and tabulated, but 
the intended function of this work is the understanding of minerals as well as 
their identification, and to this end, wherever possible, correlation has been at- 
tempted, optics with composition, composition with paragenesis, physical pro- 
perties with structure, and so on. For each mineral the body of well-established 
data is summarized, but unsolved and part tially solved problems are also men- 
tioned. 

The rock-forming minerals are dealt with in five volumes. The silicates are 
allocated on a structural basis: vol. 1. Ortho- and Ring Silicates, vol. 2. Chain 
Silicates, vol. 3. Sheet Silicates, vol. 4. Framework Silicates. Non-silicates are 
grouped chemically in the various sections of volume 5. 

With a few exceptions, the treatment of each mineral or mineral group is in 
five sub-sections. In the Structure section, in addition to a brief description of the 
atomic structure, descriptions of X-ray methods for determining chemical com- 
position and any other applications of X-rays to the study of the mineral are 
given. The Chemistry section describes the principal variations in chemical com- 
position and includes a table of analyses representative, wherever possible, of the 
range of chemical and paragenetic variation. From most analyses a structural for- 
mula has been calculated. The chemistry sections also consider the synthesis and 


breakdown of the minerals and the phase equilibria in relevant chemical systems, 
together with DTA observations and alteration products. The third section lists 
Optical and Physical Properties and discusses them in relation to structure and 
chemistry. The fourth section contains Distinguishing Features or tests by which 
each mineral may be recognized and in particular distinguished from those with 


which it is most likely to be confused. The Paragenesis section gives the principal 


rock types in which the mineral occurs and some typical mineral as- 


amblagac: nocahle darivatinne 
semblages : possible derivations of the minerals are discussed and are related 


wherever possible to the results of phase equilibria studies. The five sub-sections 
for each mineral are preceded by a condensed table of properties together with an 
orientation sketch for biaxial minerals and an introductory paragraph, and are 
followed by a list of references to the literature. The references are comprehensive 


tr 1040 hat latar adAdnit: i 
to 1959 but later additions extend the coverage for some sections to 1961. In the 


present text, mineral data are frequently presented in diagrams, and those which 
can be used determinatively have been drawn to an exact centimetre scale, thus 
enabling the reader to use them by direct measurement: numbers on such 
diagrams refer to the number of the analysis of the particular mineral as quoted 
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The dependence of these volumes upon the researches and reports of very 
many workers will be so obvious to the reader as to need no emphasis, but we 
wish especially to record our indebtedness to those authors whose diagrams have 
served as a basis for the illustrations and thus facilitated our task. In this connec- 


ald thank alen tha 
tion we would thank also the many publishers who have given permission to use 


their diagrams, and Mr H.C. Waddams, the artist who has so ably executed the 
versions used in the present text. Mineralogical Abstracts have been an indispen- 
sable starting point for bringing many papers to our attention: in by far the ma- 
jority of cases reference has been made directly to the original papers; where this 


ent heen enccihle the ASimornlngingal Ahotrarte rafaranca ic allen aiven ag 


has HVUL UCL PUSsLUIL tne AVELFIC TP ULUBICGE FLUOEFULES AVIUIULING 15 G1DOU Bivens ve. 
(M.A. 13-351). Our warmest thanks are due also to our colleagues in the 
Department of Geology, Manchester University, who have been helpful with 
discussions and information, and who have tolerated, together with the 
publishers, repeatedly over-optimistic reports about the work’s progress and 
completion. We wish to thank Miss J.I. Norcott who has executed so efficiently 


the preparation of the typescript and also Longmans, Green & Co. for their con- 
tinued cooperation. 


Department of Geology, The University, Manchester 13. October 1961 


For this completely new edition of Rock-Forming Minerals we have maintained 


he general principles and organization a adopted for the first edition. The past 


twenty years, however, have seen an enormous expansion in activity in the Earth 
Sciences as a whole, and the subjects of Mineralogy and Petrology have certainly 
not been exceptions. The terms ‘literature explosion’ and ‘exponential growth’, 
although almost clichés, nevertheless are very apt in the present context. Not only 


have the numbers of researchers and their outputs increased, but exceptional 


growth has occurred in three particular fields: electron microprobe analysis, ex- 
perimentai petrology, and the determination of crystal structures. 

The facility of rapid and accurate electron probe analysis has replaced to a 
great extent the more laborious chemical and optical analytical methods, giving 


manwywv mare ralinhla a - 
many more reliable analyses for each mineral and enabling researchers to ex- 


amine more specimens and to complete a wider range of studies in a shorter time. 
The availability of more weil-analysed material has also led to much more signifi- 
cant discussion of chemical variations and their relationships with crystal struc- 
ture, physical properties and, most of all, parageneses. The important 


nhenamanoa af finaccrale interarnwthe fa alotin te Vand af chamircal gnaning 
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have also been much more readily investigated using electron probe and other 
electron-optical methods. 

The study of phase equilibria at elevated pressures and temperatures has con- 
tinued apace, so that the cumulative number of systems which need to be de- 


thed ha In addits ch wida af nd ta 
SCriveGa nas grown. in aaaiuodn, Mmucn wider ranges O1 pressure ana temperature 


have become accessible with improved techniques. At the same time, there has 
been a growth in the determination of thermodynamic properties of minerals, 
and in the experimental and theoretical approaches to element distribution within 
and between minerals. 


The advant and eToOw!l no 
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made it possible to determine crystal structures mu ch more quic kly, s sO “that 
whereas there was hitherto perhaps one published structure for a mineral or even 
for a mineral group, now there can be structure determinations for a mineral at 
each of several chemical compositions, and at a number of different tem- 
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The above, and other growth areas in mineralogy, have led to the fact that in 
this new edition the average number of pages devoted to each mineral is about 
three times that for the first edition. The extent of growth is indicated also by the 


list of references for each mineral which for this volume we have attempted to 
hring unta datatn 10970 and the early m af 10Q1 


ant 
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W. A. Deer R.A. Howie J. Zussman April, 1982 


Olivine Group 
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Olivine (Mg, Fe)2[SiO.]} 
Tephroite Mn,[Si0,] 
Knebelite (Mn, Fe)2[SiO,] 
Monticellite Ca(Mg, Fe)[SiO.] 
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2 Orthosilicates 


Olivine Group: Introduction 


The olivine group includes a number of closely related silicates which crystallize 
with orthorhombic symmetry. The structures of all the minerals of the group con- 
sist of independent SiO, tetrahedra linked by divalent atoms in sixfold coordina- 
tion. As is common in other orthosilicate minerals, silicon is not replaced by 
aluminium, and the octahedral positions in the structures are occupied almost ex- 
clusively by divalent ions; the common trivalent ions Al and Fe** are either 
absent, or present in very small amounts. In the (Mg,Fe)-olivines there is a con- 
tinuous series between the two end-members Mg_.SiO, (forsterite) and Fe.SiO, 
(fayalite): the fayalite ~ knebelite (FeMnSiO.) - tephroite (Mn2SiO.) series also 
shows complete solid solution. In the forsterite - fayalite series, however, 
manganese is usually present only in small amounts, and the low content of 
manganese in this series is probably related to the small amounts of manganese in 
the magmas and rocks in which they crystallized. A few occurrences of 
magnesium-rich tephroite, picrotephroite, have been reported. The CaMgSiO, 
orthosilicate (monticellite) does not vary greatly from the ideal composition, and 
members of the forsterite - fayalite series in general do not contain appreciable 
amounts of calcium. The iron analogue of monticellite, kirschsteinite (CaFeSiO,) 
is known from slags, but has not been reported from a natural occurrence, anda 
magnesium-rich kirschsteinite containing 69 per cent CaFeSiO, is the most iron- 
rich mineral of the Fe,SiO,-CaFeSiO, series yet reported. Glaucochroite 
(CaMnSi0O,) is a rare olivine, and minerals intermediate in composition between 
CaMgSiO, and CaMnSiO, are unknown. Common members of the olivine 
group, as well as Ni2SiO,, Co2SiO,, and their germanate analogues have been 
synthesized. At high pressures and temperatures olivine is transformed to the y 
phase with a spinel structure, and at still higher pressures and temperatures to 
MgO + MgSiO; (rock salt and ilmenite + structures respectively). The minerals of 
the olivine group are very susceptible to alteration by hydrothermal and weather- 
ing processes and are often pseudomorphously replaced by minerals of low 
temperature paragenesis. 

The (Mg,Fe)-olivines are common and important rock- -forming minerals, and 
are particularly characteristic of the ultrabasic and basic igneous rocks; often 
their composition is a useful indication of the differentiation stage of the parent 
magmas in which they crystallized. Monticellite is not a common mineral but oc- 


curs in some ultrabasic rocks and in metamorphosed and metasomatized 
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limestone contacts with basic and acid intr usiOns. T he other OELDVIEIC TELEICT als alec 
rare and have a restricted paragenesis. 


+ The perovskite structure may also be adopted at higher pressures. 











Forsterite Mg2SiO, Fayalite Fe,SiO, 
a* 1:635 1°827 
B 1°651 1°869 
Y 1°670 1°879 
) 0:035 0-052 
2V 82° 134° 
a=y,B=z, y=x, O.A.P. (001) a=y,p=2z,y=x, O.AP. 
(001) 
Dispersion: sr>v r>v (over a) 
D 3°222 4°392 
H 7 6 
Cleavage: {010}, {100} imperfect. {010} moderate, {100} weak. 
Twinning: {011}, {012}, {031} 
Colour: Green, lemon-yellow; colourless Pale yellow, greenish yellow, 
in thin section. yellow-amber; pale yellow in 
thin cant: ion. 
Pleochroism: — a =y pale yellow. 
B orange yellow, reddish 
; brown. 
Unit cell.' — @ 4-7540A a 4-8211A 
b 1071971 A b 10-4779 A 
© 59806 A c 60889 A 


Z=4 Space group Pbnm. 


Gelatinizes in HCl 


erite an | faval 


wa 
yt 
@ 
= 
a 
S 
a 
= 
“ 
= 
é 
= 
3 
cr 
9 
a 
7 
& 
na 
4 
a 
a 
— 
VO 


4 Orthosilicates 


The magnesium-rich olivines are common constituents of ultrabasic and 
ultramafic rocks. More iron-rich members occur in gabbros and ferrodiorites and 
fayalite is present in some acid and alkaline plutonic and volcanic rocks, as well 
as in the more highly differentiated ferrodiorites. Magnesium-rich olivines also oc- 


ere in tharmally matamnarnh ad imamiewe dalamitir lmactaned farctarita 


WVul kal tnermauy metamorphosed IMIpPULe Goriomitic HLL OLULIVD, c.g. LULOLLLILE 
marble. The more iron-rich varieties occur as the products of regional metamor- 
phism in eulysites and other metamorphosed iron-rich sediments. Magnesian 
olivine is generally considered to be the major constituent of the Earth’s upper 
mantle, and the various physical properties and high pressure polymorphs, f- 
and y olivine, have been extensively studied particularly in relation to understand- 
ing the processes of deformation and the physical environment of this part of the 
mantle, and the various physical properties and high pressure polymorphs, p- 
diadochy, the (Mg,Fe)-olivines only rarely contain more than 4 wt. per cent 
MnO. Olivine is very susceptible to alteration, the products of which include 
various polymorphs of serpentine, talc, chlorite, iron oxides and carbonates. At 
high pressures, olivine is transformed to a solid solution (Mg,Fe) series with 
spinel structure, natural occurrences of which are restricted to shock-produced 
phases in chondritic meteorites. The Mg-olivine, forsterite, is named after A. J. 
Forster, founder of the mineral collection known as the Heuland Cabinet, and 
the Fe-olivine, fayalite, after Faial Island in the Azores where it was believed to 
have occurred in a local volcanic rock, but it was probably obtained from slag 
carried as ship’s ballast (Palache, 1950). The names forsterite and fayalite are 
restricted to the compositions Fojo9-99 and Foio9~9 respectively; the 
nomenclature of the intermediate members of the series is given in Fig. 133 


ben 1OA\ The clear nen Gu anlite: Alteraman know mn as nmarsAnt 
(p. 164). 1ne Citar gem-quaiiry olivine is known as periace. 
Structure 


The structure of olivine was determined by Bragg and Brown (1926) for a crystal 
with composition FosoFaio with cell dimensions a 4°755 A, b 10°21 A, c 5:985A. 
The structure consists of individual silicon-oxygen tetrahedra linked by 
magnesium atoms each of which has six nearest oxygen neighbours. The oxygens 
lie in sheets nearly parallel to the (100) plane and are arranged in approximate 
hexagonal close-packing. In accordance with full orthorhombic symmetry the 
silicon-oxygen tetrahedra point alternately either way along both x and y direc- 
tions. Half of the available octahedral voids are occupied by M atoms (Mg,Fe) 
and one-eighth of the available tetrahedral voids by Si atoms. The magnesium 
atoms do not occupy a single set of equivalent lattice positions: half are located at 
centres of symmetry, 1 symmetry, and half on reflection planes, m symmetry 
(Fig. 1). Each oxygen is bonded to one silicon and three octahedrally coordinated 
atoms. 

The structure has subsequently been refined by a number of workers including 
Belov ef ai. (1951), Hanke and Zeman (1963), Hanke (1965), Birle et a/. (1968), 
Kuroda (1969), and Wenk and Raymond (1973). Birle et a/. (1968) drew attention 
to the relation between occupied and unoccupied octahedral sites within any one 
(100) layer, the occupied octahedra forming a serrated chain as shown in Fig. 205, 


p. 384. The serrated chain in the next layer is related to that i in the first by the b 


~ -_« thea nheaneued 
glide plane. T rhe above feature of the sir ucture iS consistent with tne ovservea 


{100} and {010} cleavages and the dominant {hk0} forms. 


Olivine Group: Olivine 5 





Fig. 1 Idealized olivine structure parallel to (100) plane. Si atoms are at the centres of the tetrahedra 
and are not shown. Small open circle; Mg atoms at x = zero. Small solid circles; Mg atoms at x = ¥2 
(after Bragg and Brown, 1926). 


In detail the structure shows significant deviations from ideal hexagonal close- 
packing and both the octahedral and tetrahedral coordination polyhedra depart 
from their regular forms (Fig. 2). The Si-O bond lengths have three distinct 
values (Birle et a/., 1968); apical, Si-O(1) 1-614 and 1:619A, basal, Si-O(2) 
1-654 and 1-657 A and Si- O(3,3’) 1°635 and 1-637 A for forsterite and fayalite 
respectively. These values are in close accord with Si-O(1) = 1617, Si-O(2) = 
1658 and Si-O(3,3’) = 1°635 A predicted for the SiO, tetrahedron by semi- 
empirical molecular orbital calculations (Louisnathan and Gibbs, 1972). The M1 
polyhedron approximates to an octahedron flattened along a threefold axis. The 
mean M-O distance is larger for the M2 site, for forsterite M2-O = 2°135 A, 
M1-O =2:103A, and the M2 polyhedron is less regular and does not approx- 
imate to any simple distortion model. 





Fig. 2 Olivine structure parallel to (100) plane showing relationship of (a) ideal hexagonal close- 
packing model, (b) actual structure (after Hazen, 1976). 


6 Orthosilicates 


Fig. 3 Lattice constants and mean interatomic distances M1-O and M2-O as a function of = Fe 
content, based on the data of Birle et al. (1968), Finger (1971) and Wenk and Raymond (1973). 


The mean M1-O and M2-O distances both increase linearly with increasing 
contents of the fayalite component (Fig. 3). The differences in the interatomic 
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distances between M1-O and M2- O are small, some 0:035A for forsterite and 
slightly less for compositions intermediate between forsterite and fayalite. The 
variations of the volumes of the M1 and M2 coordination polyhedra with Fe- 
content have been calculated by Wenk and Raymond (1973). 


The valence-bond distributions for these olivines, as well as those investi 
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by Birle et a/. (1968), have been evaluated by Ferguson (1974) using a catio 
anion distance-dependent method. Assuming conventional tetrahedral and o oc- 
tahedral coordination for Si and (Mg, Fe) respectively, the results show that each 


of the three oxygen anions receive within © 0:01 valence units (i.e. within > 0°5 
per cent) of the ideal 2 v.u. (see also Born, 1964: Kuroda and Iguchi, 1971: 
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Tossell, 1973). 

The orbital energy of the Si-O bonds in olivine, derived experimentaily from 
X-ray photoelectron and emission spectra, has been shown to be considerably 
weaker than in quartz, and this appears to be due to second-nearest-neighbour 
differences rather than differences in bond length (Tossell, 1977). 

Structural variations in Mg- Fe olivines as a function of temperature have been 
studied by Brown and Prewitt (1973) and Smyth and Hazen (1973). The former, 
using two lunar olivines (Foss and Fog2) and a metamorphic olivine (grade cor- 
responding with the sillimanite- muscovite zone, 650°C; 6 kbar), showed that the 


mean M1-O.M2-QO bond lengths. as well as the octahedral site volumes. increase 
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(M1 site 1°81 per cent; M2 site 1°94 per cent) with increasing content of the 
fayalite component. Both M1-O and M2-O bond lengths increase at about the 
same rate (*0°8 per cent) over the temperature range 24-710°C. The octahedral 
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site distortion was also found to increase with temperature indicating an increas- 
ing departure of the oxygen anions from ideal hexagonal close-packing. Smyth and 
Hazen’s study on synthetic forsterite and a metamorphic (sillimanite grade) hor- 
tonolite, Mgo.7 sF es. ioMno. 155104, demonstrated that the forsterite unit cell 
parameters, a, bandc (Table 1 1), and the cell volume expand by 0°81, 1°45, 1:33 
and 3°63 per cent (the comparable values for the hortonolite are 0°83, 1:01, 1:33 
and 3:05 per cent) between 20 and 900°C. Both studies showed that the Si-O in- 
teratomic distances remain practically constant in the temperature range of their 


investigations. 
Table 1. Cell parameters of forsterite and fayalite 


Composition a(A) b(A) c(A) Reference 

Foi00 4°76 10°20 5°99 Swanson and Tatge, 1953 
Foi00 4°756 10°225 5°982 Eliseev, 1957 

Foio0 4°756 10°195 5°981 Yoder and Sahama, 1957 
Foi00 4'758 10°214 5°984 Skinner, 1962° 

Fojo0 4816 10°382 6°077 Skinner, 1962° 

Foj00 4°752 10°193 5°977 Hazen, 1976° 

Foj00 4°797 10°35 6°058 Hazen, 19764 

Foio0 4:7540 10°1971 5:9806 Schwab and Kustner, 1977 
Fog¢ 4°812 10°565 6°085 Eliseev, 1957 

Faioo 4°817 10°477 6°105 Yoder and Sahama, 1957 
Fajoo 4°83 10:49 6°10 Hanke, 1963 

Faioo 4'818 10-470 6°086 Hazen, 1977 

Fajoo 4801 10°22 6°049 Hazen, 1977% 

Fajoo 48211 10-4779 6°088 9 Schwab and Kistner, 1977 
° At 25 °C. 

” At 1127 °C. 

© At 23 °C. 

4 At 1020 °C. 

* At 1 atm. 

t At 42 kbar. 


The work of "Smyth and Hazen (1973) on the thermal expansion of the unit-cell 
dimensions and cell volume has been extended to temperatures b petween —196 and 
1020°C (Hazen, 1976), and his data are illustrated in the linear and volume ex- 
pansion curves shown in Fig. 4a, b, and the Mg- O and Si-O mean bond lengths 


in Fig. 5. Hazen also determined the change in lattice parameters, M1-O and 


M2- O bond distances and polyhedral volumes of forsterite at pressures of 20, 40 
and 50 kbar. At the latter pressure the decrease in volume is & 0: 7 and 0: 5 A? in 
M1 and M2 sites respectively, and the total compression = 10 A3 per unit cell. As 
there are four M1 and four M2 octahedra in the unit cell, 50 per cent of the com- 
pression in forsterite is thus probably due to contraction of the octahedral sites 


and 50 per cent to the contraction of voids. 

In a subsequent investigation, Hazen (1977) studied the variations in the crystal 
structure of a number of ferromagnesian olivines with temperature, pressure and 
Fe : Mg ratio. As in forsterite, expansion and compression of the octahedral sites 


occur with increasing temperature and pressure respectively, but the Fe: Mg ratio 
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appears to have little effect on the bulk. and linear thermal expansivities since the 
cell edges and volumes display approximately parallel expansion curves in the 
temperature range —196 to 1000°C. At NTP the unit cell volume V = 290 + 
17 X,,A°*, where X,, is the octahedral Fe mole fraction. The effect of temperature 


on the unit cell volume, calculated from the experimental data, is approximately: 
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Fig.5. Forsterite Mg-O and Si-O mean bond distances versus temperature (after Hazen, 1976). 


where 7 is in °C. The effect of pressure is given by: 
—AV = (V,,"P)/(1 350 — 0°16 7) A? 


where P is in kbar (the bulk modulus is © K © 1350 kbar and dK/dT = 0°16 
kbar/°C). By combining the above expressions, and assuming da/dX, dK/X and 
6K/6P are @ zero, the equation of state is predicted to be: 


V = (290 + 17 X,, + 0°0067 + 0:000 006 T’) {1- [P/(1350-0°167)]}A? 
The M1-O1,-O2 and-O3, and M2-O1,-02 and- 03 distances, as well as the 


AA1 a AAD lehadral A GO tatrahadral A: + : 
M1 and M2 polyhedral and Si tetrahedral distances for synthetic fayalite, have 


been determined at temperatures of 20, 300, 600 and 900°C (Smyth, 1975). All 
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M1-oxygen and M2- oxygen distances increase with increasing temperature, the 
M2- oxygen distances tend to become more regular and, in agreement with other 
high-temperature olivine data, the Si-oxygen distances show zero or slightly 
negative expansions. The angular distortion of the M1 and M2 octahedra in- 
creases sharply at temperatures above 600 °C. Equipotential surfaces and thermal 
vibration ellipsoids of the M1 and M2 sites in forsterite at various temperatures 
between 20 and 900°C have been calculated by Ohashi and Finger (1973). Com- 
parison of the calculated and observed equivalent isotropic temperature factors at 
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room temperature are in good agreement, but at high temperature the calculated 
factors for both the M1 and M2 sites are considerably lower than the observed 
value. 

Lager and Meagher (1978), conclude from data from high temperature studies 


of olivines, Ni olivines monticellite and glaucochroite that all the structures ex- 


pand principally as a result of increasing bond lengths in the M1 and M2 oc- 
tahedra. 

Lager (1978) uses a novel technique for the analysis of the thermal expansion 
data for olivines in order to define a distortion parameter for the coordination 


polyhedra; this has a larger value for M1 than for M2 polyhedra in all the olivines 
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studied. 

Madelung constants for olivines of compositions, Mgo.90F€o.10, M&o.s4F€o.46, 
M8o.soFeo.s0, and M&o.o4Feo.96, have been calculated by Raymond (1971), and 
for forsterite give a calculated lattice energy of -4 349 kcal/mol using room- 
temperature values of K. 


Ni-, Co- and other olivines. The crystal structure of nickel olivine, Ni2SiO., has 
been refined from data obtained at temperatures between 25 and 900°C (Lager 
and Meagher, 1978). The Si-O and oxygen- oxygen distances are relatively cons- 
tant, e.g. Si-O(1) 1°620(5) at 25 °C, 1°626(5) at 900 °C; O(1)-O(2) 2°758(7) at 
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25" °C, 2: ‘759(7) at 900°C. . The mean interatomic : distances i in the M 1 and M2 oc- 
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tahedra between 25 and 900 Cc, and the linear ther mal expansion coefficients of 
the mean M-O distances, 1°54 and 1°31 (C7! x 10°) for M1-O and M2-O 
respectively, are also given by Lager and Meagher (see also Ghose ef al., 1975). 
The cell parameters of synthetic nickel olivine, a 4°7285, b 10-1179, ¢ 5°9132 
are e given by Ozima (1976). 

The unit cell parameters and cell volumes of the synthetic Mg2SiO0,-Co.SiO, 
and Mg.SiO,-Ni2SiO, solid solution series and for a Mgi.ssZMo.44 and 
MgBi.o6Mno.94 olivine are detailed in Table 2. The unit cell volumes of the 
(Mg,Co).SiO, solutions are a linear function of the molar compositions, whereas 


Fees 


the 2 (Mg, Ni)2SiO, series show a slightly positive excess volume of mixing. The a 
and c parameters of the (Mg,Co).SiO, solutions show some anomalies that can 
be ascribed to a degree of ordering due to site preference of Mg and Co for M1 
and M2 sites respectively. The (Mg,Ni)2SiO, series present more pronounced 
anomalies of the cell parameters, particularly of b, and it is possible that the 
system consists of two solid solution series, Ni2SiO4- NiMgSiOw and 
NiMgSiO,-Mg2SiO, in which the cation distribution in NiMgsiO, is highly 
ordered (Matsui and Syono, 1968). 

The cell dimensions of the synthetic calcium-iron olivines increase with the 
content of Ca2SiO, (from @ 4°846, b 10°656, c 6° 136A for the composition 88°75 


t. per cent Fe,SiO., 11-25 wt. per cent CazSiO, toa 4: 906, b 11 206, c 6° 485A 


for 41 *82 Fe,Si0,, 58° i8 wt. per cent Ca,SiO>». T he increase is appr oximately 
linear for compositions with up to 45°47 wt. per cent (50 mol.%) Ca2SiO, in solid 
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Table 2. Cell parameters and unit cell volumes of synthetic magnesium - cobalt, 
magnesium - nickel, magnesium - manganese and magnesium - zinc olivine solid solutions 








Mol. per cent Mg,SiO, a(A) b(A) (A) VA’) Reference 
i00 47553 10°1977 5:°9820 290°09 Matsui and Syono, 1968 
75 47638 10°2255 5:9846 291°52 Matsui and Syono, 1968 
(Mg,Co) 51 47720 102522 5°9896  293°03 Matsui and Syono, 1968 
series 45 47752 10:2583 5:9956 293:69 Ghose and Wan, 1974 
25 47779 10:2799 5:9961 294-51 Matsui and Syono, 1968 
0 4°7823 10°3044 6:0036 295:85 Matsui and Syono, 1968 
90 4-°7523 10°2008 5:9726 289:54 Matsui and Syono, 1968 
716 4°7485 10°1988 5:°9627 288°77 Matsui and Syono, 1968 
(Mg, Ni) 63 47444 10°1939 59534 287°93 Matsui and Syono, 1968 
series 51 4:°7422 10°1843 5:°9467 287°20 Matsui and Syono, 1968 
48 4:7366 10°1716 5:°9374 286:06 Rajamani et al., 1975 
26 4:°7345 10°1539 5:9290 285:03 Matsui and Syono, 1968 
0 4°7287 10°1214 5°9153 283-11 Matsui and Syono, 1968 
(Mig, Zn) 78 4°774 10°234 5:997 299°53 Ghose et a/., 1975 
(Mg,Mn) 53 4°811 10°421 = 6116 306°63 Ghose ef al., 1975 
solution, but with greater amounts of the calcium component the cell parameters 


remain almost constant (Wyderko, 1969). 

In the Mg2SiO,-LiScSiO, olivines the @ and b parameters and unit cell 
volumes increase linearly while the c dimension shows a small minimum near the 
middle of the series (Ito, J., 1977). 
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5: 9729A) has been determined by Steele et al. (1978). The M1 and M2 sites are oc- 
cupied by Li and Sc respectively. Compared with the Mg.,SiO, structure, there is a 
uniform increase in Li-O, relative to Mg-O, distances in the M1 site, both in- 
creases and decreases of bond distances of the M2 octahedron, and large changes 
in tetrahedral geometry due to the interaction of Sc** and Si across a shared edge. 

A number of germanates, including Mn,GeQO, and Cd2GeQ, with the olivine 
structure, have been synthesized (Tarte, 1965). Cell parameters of a number of 
germanate and phosphate (in which P is substituted for Si), selenide and sulphide 
olivine-type structures, as well as limiting compositions of solid solution in syn- 
thetic olivine structures, are given by Ganguli (1977). 

Other minerals which have the olivine structure include sinhalite (MgAIBO,), 
chrysoberyl (AI,BeO,), minerals of the triphylite (LiFePO,)-lithiophilite 
(LiMnPO.,) series and natrophilite (NaMnPO,). The compound y-Ca,SiO,, the 
stable > polymorph at room temperature, also has the olivine structure. Tephroite 
(Mn2Si04) and monticellite (CaMgsiO,) which are isostructural with olivine are 
dealt with in the following chapters in this volume. 

The crystal chemistry of the olivine-type structures in general, including site 
preferences and the relative stabilities of different cation combinations both in 
the olivine and in the spinel structure, has been reviewed by Ganguli (1977, 1978). 
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Alberti and Vezzalini (17/0) have predi crea cation distributions by calculati on o 
Madelung energies. 


3), with cell parameters @ 4-808, b 


Ferrifayalite, Fe?*Fe3*Si,O, (see Table 1 
10°171, c5°824 A, a 90 ° , Space group P 2,/b, Z =2 has been described by the Fer- 


rifayalite Research Group, University of Peking (1976). The mineral is an in- 
dependent species with an olivine-type structure containing ordered vacant sites. 
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The orientation of the SiO, tetrahedra is similar to that of olivine but the struc- 
ture differs in having linear chains of edge-sharing octahedra. The Fe** is located 
in M1 sites, and Fe?* in (000) and (0/20) M2 sites. The vacant sites are at centres 
of symmetry 00% and %%% (Computing Group and Mineral-Physical Group, 


109797 1 1 
1977; see also Fleischer et a/., 1978). The crystal structure of laihunite has been 


refined, and the domain twinning investigated by diffraction techniques (Fu et 
al., 1979). The space group with respect to the domain is P2,/b, with a 4°812, b 
10°211, c 5°813 A, a 90°89°. The Fe?* distribution, lattice distortion, degree of 
order, and the relationship of laihunite with fayalite and ferrifayalite are discuss- 
t 


ad Dy, alowhna that lathunita cha 
ca by Fuet al. who maintain that sainunite should be regarded as a distinc 


mineral species with Fe** dominant over Fe?* 


M1 and M2 site occupancy. On the basis of the earlier structure investigations 
the distribution of Mg?* and Fe** in olivines was considered to be highly 
disordered as indicated by the zero heats of isomorphous mixing (Sahama and 
Torgeson, 1949), and the linear regression equation relating refractive indices and 
composition (Henriques, 1958). Later structural investigations by Hanke (1965) 
and Birle et al. (1968) also showed that the intermediate members of the 
(Mg, Fe)-— olivines were apparently essentially disordered. The recent development 
of a direct site refinement technique, using precise X-ray intensity data, has 
shown, however, that olivines may be ordered to varying degrees with the larger 
Fe2* cation commonly (and paradoxically) displaying a small preference for the 
smaller M1 site, as foreshadowed by the evidence of non-ideal mixing shown by 
the activity- composition relations of intermediate members of the solid solution 
series (Nafziger and Muan, 1967; Kitayama and Katsura, 1968), and later 
substantiated by Méssbauer studies (Bush et a/., 1970; Virgo and Hafner, 1972; 
Shinno ef al., 1974; but see Takashima and Ohashi, 1968). An M1 site location 
for Fe?* on the basis of an electric absorption investigation of a magnesium-rich 


olivine, F092F as, had also been suggested by Grum- Grzhimailo et al. (1969). The 
site occupalicy data now available for a number of (Mg, Fe)- olivines, as well as for 
(Ni,Mg)- and (Co,Mg)-olivines provide convincing evidence that a degree of 
ordering is present in some olivines (Finger, 1971; Finger and Virgo, 1971; Wenk 


and Raymond, 1973; Brown and Prewitt, 1973; Smyth and Hazen, 1973; Ghose 


etal., 1976). OO 3; smyth and riazen 
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r the reaction: 


K, = XY) 1 (XL uy) = (MB/Fe)y,/(Ma/Fe)y, 


where . and x" * denote the Mg/(Mg + Fe) ratios for M1 and M2, together 
g 


with site occupancies for a number of olivines, are shown in Table 3. The 
distribution coefficient, because it is essentially independent of composition, is a 


useful index of the degree of order, Kp > 1 indicating a degree of ordering of Fe?* 


on M1 and Kp< 1 of Fe2* on M2. A plot of Kp against mol. per cent fayalite is il- 
* soe — - se * . we eele . . 24 . 4 - a ee ee 
lustrated in Fig. 6, which shows, in addition to variable enrichment of Fe** in 
the M1 site, that there is no significant correlation of the distribution coefficient 
with composition. 
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Table 3. M1 and M2 site occupancies of some (Mg,Fe), (Mg,Co), and (Mg, Ni) - olivines 











Reference Occupancy K, 
Mi M2 
Mg Fe Co Ni Mg Fe Co Ni 
Wenk and Raymond, 

1973 0°8958 0:1042 — — 08919 01082 — — 0969 
Wenk and Raymond, 

1973 06656 0:3344 — — 06784 O3116 — — 1:096 
Wenk and Raymond, 

1973 0°6258 0:3742 — — 06482 03418 — — 1°134 
Finger, 1971 0°729 0°271 _ — 0°734 0:258 — — 1:06 
Finger, 1971 0°477 = 0°523 — — 0°503 0-490 _— — 1:13 
Finger and Virgo 

1971° 0-807 01192 — — 0846 0147 — ~ = 1:37 
Brown and Prewitt 

1973 0675 0:325 — — 0705 0-285 —_— — 1-19 
Brown and Prewitt, 

1973 0°670 0-330 — — 0-710 0:280 — — 1:25 
Smyth and Hazen, 

1973° 0:361 0°639 _ — 0389 0-611 — — 1:13 
Smyth and Hazen, 

1973¢ 0-359 0641 — — 0391 0609 — — 1:15 
Smyth and Hazen, 

1973° 0:339 = 0661 — — 0-411 0°589 — — 1:36 
Ghose and Wan, 

1974 0°270 — 0730 — 0:630 — 0370 — 4:604 
Brown et al., 

1973 0°233 — — 0°767 0°737 = — 0°263 9:225 
* Kp for exchange reaction Mg(M2) + Fe (M1) = Mg(M1) + Fe(M2). 
eAt710°C. 
© @, € Same olivine at room temperature, 300 and 600 °C respectively. 

2.0 f ] 
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Oo 
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Fig. 6. Fe/ Mg iniracrystaliine Gisiributions, expressed as Ky = vane ef r 
tion of the fayalite content for fifteen Fe- Mg: olivines (after Rajamani et al” 1975). Open oes data 
from Virgo and Hafner (1972); solid circle, Smyth and Hazen (1973); s cand Raymon 


(1973); triangles, Finger (1971); crosses Brown and Prewitt (1973). 
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sites fora synthetic (Ni, Mg) olivine, computed from the absorption spectrum, are 
27°3 and 25°7 kcal/mol respectively. For Fe?* the site differences do not appear 
to be sufficient to give rise to the ordering observed in M1, and indeed on the 


basis of ionic radii, site size and site distortion, Fe** would be expected to show a 
nreference for the A42 site as nredicted by Burns (1970). The slight preference 


PVA E wee LYE CEE ATE dy OAL BAG PLUeswelune YY aves dsy LAr iuy BSA OCA sse Prd wis sie 


shown by Fe?* for the M1 site may thus be due to a higher crystal field splitting 

energy gained by Fe”* that results from the smaller M-O distance in the M1 site. 
Rager (1978) has investigated the hyperfine interaction between the nuclear 

spin I = 3/2 and the effective electron spin S = 3/2 of **Cr** in a synthetic 
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M1 and M2 is small but is larger for M1. Sets of six equally spaced ESR lines are 
considered to result from the interaction of the effective electron spin of Cr with 
ligand nuclei. Fe** and Cr** spectra in Fe and Cr doped forsterite show that, in 
addition to the M1 and M2 sites, other positions are occupied by very small 


mainte (7% Tw Af thace trancitinn matale Theaes ancitinne a waru 


amounts (Siu p.p.m. ) OF TNESe Transition Mctas. wanese positions nave a very 
similar symmetry to that of M1 which is explained by Rager on the assumption 
that the metal ions occupy interstices M1’ in the space group Pbnm which have 
the same point symmetry as M1. Irradiation experiments with X-rays indicate 
that the charge exchange processes of Fe and Cr are possible due to the reactions: 
Fe** hy Fe5* + 7; Cr?* bY? Crt @ 


Site occupancies of a synthetic (Co,Mg)-olivine, Co;.;Mgo.9SiO4, determined 
by Ghose and Wan (1974), and those of a synthetic (Ni,Mg)-olivine 
Ni; .o3Mgo.s;SiO,, by Brown ef al. (1973) show that both Ni?* and Co?* have a 
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very strong prererence rOr tne fw Site in contrast to the weak site preierence of 
Fe?* for the M1 site in the (Fe,Mg)-olivines (see Table 3). The difference in the 
degree of ordering of Ni?*, Co** and Fe’* has been discussed by Walsh ef al. 
(1976). Predictions, based on the crystal-field stabilization energies of the three 
transition atoms in regular octahedral coordination, are consistent with strong 
ordering by Ni?*, ordering by Co”* and slight ordering by Fe?* in M1 sites (see 
also fig. 7 and Rajamani et. al. 1975). Site preferences of Ni** and Co?* in 
olivines have also been discussed by Dasgupta (1972) using a statistical method 
and by Burns (1972). 

Recent Mossbauer studies relating to site preference include those of Virgo 


anda Lin frnar (1079) An a linar enariman and alivinac fram nhitanic ana matamar 
ana ra@ainer (agziay Of a 1Ullal SpCCHUNCi QQ Givill®S 1POT prutOmlie alu MiCLraimol- 


phic rocks, and Shinno ef al. (1974) on olivines of plutonic, volcanic and 
metamorphic origin. The former workers showed that the lunar olivine, 
M@p.6sFe;.32SiO,, is relatively highly ordered, but that after heating for seven 
days at 1155 °C became considerably more disordered, the distribution coeffi- 
cient, Kp = (Mg?*/Fe?*) M2/(Mg?*/Fe?")M,, changing from 1:72 for the natural 
specimen to 1°'19 after the heat treatment. For volcanic olivines the cation 
distribution was found to vary from partially ordered (K, = 1:27) to almost com- 
pletely disordered (K,, = 1:06), while the olivines from plutonic and metamorphic 
rocks were generally completely disordered. 

The data of Shinno e¢ a/., (1974), relating to olivines of plutonic an 
phic olivines, show a relative enrichment of Fe?* in M1 sites but a preferential 
ordering of Fe?* in M2 sites in the case of two olivines of volcanic origin. After 
heat treatment the plutonic olivine with an original 18 per cent enrichment of Fe?* 
in the M1 site became completely disordered, and the volcanic olivine, 
Mg).67F€o.33, with 12 per cent Fe?* enrichment on the 442 site became slightly 


enriched on the M1 site. Thus the thermal history may have a significant effect 
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Fig. 7. Log-linear plot of K, = (Mg/X),./(Mg/X),,, versus effective ionic radii for transition 
metal olivines (after Rajamani ‘et al., 1975)" Data foro tvines from Brown (1970), Ghose and Wan 
(1974), Rajamani et a/. (1975). Data for orthopyroxene from Ghose et al, (1975). 


on the degree of order- disorder, particularly with respect to the geometry of the 
M) and M2 coordination and the kinetics of the exchange reaction during 
growth of the crystal. The surprising increase in the site preference of Fe on M1 
shown by the hortonolite (Table 3) at higher temperatures has led Smyth and 
Hazen (1973) to suggest that the preference of iron for the M1 site may be due to 
Fe**, possibly present in natural olivines, rather than Fe**, and that the increase 
in order with temperature is the result of a small amount of oxidation from 
residual oxygen trapped in the heating tube. 

The structure refinement of ten olivines from Assab, Ethiopa (Basso ef ail., 
1979), has shown that there is significant ordering of Fe’* on M1 positions in 
three of the olivines (K, 1:12-1:15) whereas the other seven are essentially 
disordered (K,, 0°97- 1-05). The olivines are believed to have an identical thermal 


history, and it is suggested that the use of Fe- Mg ordering in Olivine as the sole 
indication of the thermal regime should be regarded with great caution. 

Will and Nover (1979) reported that the Mg/Fe distribution in olivine is af- 
fected by the partial pressure of oxygen. Two natural, untreated olivines of 


volcanic origin were shown, by X-ray structure determination, to have a slight 


preference of Fe in M 1 sites (Kp =|: 09 and 1 06). Exposure at 750°C with the 
QFM buffer (P,, 107 ® bar) increased the M1 preference (K, 1:2) while QFI buf- 
fering (P,, 107 a bar) at the same temperature reversed the site preference (K, 
0:8). Presumably the valence state of Fe would influence the distribution, but this 


explanation is not offered by the investigators. 
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Variation of Cell Parameters with Composition 


The forsterite-fayalite series has generally been considered to exhibit ‘ideal’ 
behaviour, and many determinative curves empirically relate certain d values as 
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linear functions of composition. Following the evidence of non-ideal mixing pro- 


vided by Nafziger and Muan (1967) and Kitayama and Katsura (1968) (see section 
on chemistry, p. 50) non-linear relationships between the unit cell parameters 
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and composition have been reported by a number of workers (see below). 

X-ray powder diffraction data for synthetic forsterite and fayalite were deter- 
mined by Yoder and Sahama (1957), together with the data for twenty-five 
natural olivines, from which they produced a determinative curve based on d; 30 


atic oivan hu: 
VV 19 BAVU Uy. 


and the fictive end-points are forsterite djso = 2.7659A and fayalite dis) = 
2:8328A. Depending on the olivine composition the determination is subject to 
an error of between 3 and 4 mol. per cent. 


A diffraction method, based on the data obtained from six natural olivines, 
Fogo - Fos3, suitable for small radius cameras using the (0,10,0) or (226) reflec- 
tion has been described by Heckroodt (1958). The method is claimed to have an 
accuracy of + 0°5 mol. per cent forsterite under ideal conditions. 

A determinate curve, with a precision of + 0°4 mol. per cent Mg,SiO,, for 
magnesium-rich olivines ranging in composition from Fogo to Fogo, based on the 
measurement of the (062) peaks of five olivines from the Stillwater complex, was 
published by Jackson (1960). The (062), rather than the (130) peak was chosen 
because of its occurrence i at a greater 26 angle, and because of its greater variation 
with composition. The (062) reflection, however, has the disadvantage of being 
less intense and has a greater liability to interference from reflections of some 
commonly associated minerals. The compositional range of the curve was later 
extended to more magnesium-rich olivines, Foo;, using material from Alpine-type 
peridotites from California and Oregon (Hotz and Jackson, 1962). The curve is 
plotted directly as the distance between the (062) peak and the LiF (220) peak (Cu 


Ka,) and the equation for the straight line curve is given by: 
26062 (Olivine) — 20229 (LiF) = 4°472 2 — 0°018015 Fo 


A further extension to the composition Fo7., using phenocrystal olivines from 
Hawaiian lavas, was presented by Murata et ai. (1965). The relatively iarge con- 
tent of calcium in these olivines, however, led to a greater uncertainty in the com- 
positional values compared with those obtained solely from the olivines of the 
Stillwater complex and the Alnine-tvne neridotites. 
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An X-ray powder method, using a camera with a small effective radius, based 
on the measurement of the (174) reflection has been used by Jambor and Smith 
(1964). The variation of the di74 spacing with chemical composition gives a 


curve that is approximately linear for compositions between Foj99 and about 


Fo;, with a possible deviation near the favalite end. A statistical evaluation of the 
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data by Agterberg (1964) gives the equation for the line, Fo;99—F030, as 
Fo(mol. %) = 4 151°46 — 3976°45 diz, 


A similar analysis of the d,39 data of Yoder and Sahama (1957) leads to a 
odification af their recraccinn annatinn far alivinec mnrea Me-rich than Ena. 
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from: 
Fo (mol. %) = 4 233-91 — 1 494°59 di 39 to 4088°89— 1 442°22 di 3 


Equations relating cell dimensions and composition: 


Fo (mol. %) (7 288°27 — 1511-77a) + 5.8% 


Dan flewarl ss fF... — 49 417: AAL.L9L\ _ © Of. 
ro (mol. ‘“o) = (3417°44 — 325°535) + 3.0% 


Fo (mol. %) (4977: O1—- 815°40c) +3.7% 
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based on 16 analysed olivines have been calculated by Jahanbagloo (1969). The 
variations of the calculated intensity ratios with composition for the (130), (131), 
(111), (021), (020) and (122) reflections are also given. A linear relationship be- 
tween the cell dimensions and composition in the olivine series was also found by 
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the data for 24 natural olivines and a synthetic forsterite. The following equations 
are given relating the cell dimensions to atomic per cent Mg: 
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aA = 4°8157 - 0°05995 Mg + 0°001 5 
bA = 10-4721 - 0:2274 Mg + 0:0042 
cA = 6:09811 - 0°1171 Mg + 00028 


which combined give the cell volume 
) = 307°5 - 17°88 SMe 

The variation of the unit cell dimensions with the mole fraction Mg2SiO, (0:0, 
0:2, 0°4, 0°6, 0°8 and | 1 1-0) of 12 olivines, 6 hydrothermally synthesized at 0°5 kbar 
and 6 at 2 kbar (Fisher and Medaris, 1969), showed b in both groups to be a linear 


function of composition whereas the cell parameters a and c, as well as V, molar 
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volume, and density display a small positive A V of mixing. The regression equa- 
tion for the cell volume is given by: 


The relationship between the “mole fraction and di30, based on the combined 
data obtained at 0.5 and 2 kbar, can be expressed: 


——_——_— 
X = 15-8113 \/3:035 8 — diso - 7°2250 


This plot of d,39 against composition (Fig.8), like that of Fisher’s previous 


work, is relatively close tn the regression curve of Yoder and Sahama for natural 
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magnesium-rich olivines but diverges considerably for compositions richer in iron 
than Fogo. 
An equation relating the three cell parameters, a, b and c with composition, 


obtained from the data of 69 olivines, has been computed by Suturin ef a/. (1971). 
The lattice narameterce of 92 olivines af the Ma.SiQ,. Fe.SiQ. ceriec deter. 
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mined using a Guinier camera, and giving an essentially smaller standard devia- 
tion than in previous investigations, have been presented by Schwab and Kiistner 
(1977). The data confirm the linear variation of b with composition found by 


Fisher and Medaris (1969). Schwab and Kustner also showed that plots of a, c 


and Vand d.., against mole fraction Fe.Sid), are slightly curved. althonuah devia_ 
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tions of a and c from linearity are smaller than was reported by the previous 
authors. Values of d;39 are in good agreement with those of Yoder and Sahama 
(1957), and the recommended equation for the determination of the mole frac- 
tion of fayalite, X,,, in olivines measured from d, 39 values is 


Xo, = 7°522 — 14:907 1 (3:0199 - diso)* 


from which the composition can be estimated to + 1°0 mol. per cent fayalite. 

An X-ray diffraction procedure for the quantitative determination of the 
olivine content in rocks when the composition of the olivine contains between 100 
anrA LN enn! ane reamt kA CIN. hae bees Ancrewt hed ke, Dallarnk anA mk: (10974. 
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Fig. 8. Relationship Of di3_ and composition of synthetic (heavy line) and natural olivines (broken 
line) (after Fisher and Medaris, 1969). Open squares, olivines grown at 0°5 kbar; crosses, olivines 
grown at 2kbar. Solid light lines show 95 per cent tolerance limits for estimation of olivine composi- 


aoe 


tion from a singie value of ad, 30° Size of syMDOIs shows estimated error of each observation. 
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High-pressure polymor rpu The structure of the high-pi essure po1ymorpn 
B-olivine (Fig. 9), c mposition [Mo.ssNio.15]2SiO., has been determined by 
Moore and Smith (1969, 1970). The unit cell parameters are a 8-248, b 11°444, c 
5: 6960 A, and the space group Jbmm. The structure is based on a cubic close- 


packed oxygen pattern with Si atoms sharing pairs of adjacent tetrahedral sites to 
give Si,0, groups, and Mg atoms occupying octahedral sites. The cell formula is 
M,.60,(7207]4 where M and T are the octahedral and tetrahedral site populations 
respectively, and the structural formula of the f-olivine (Mgo.35Nio.1s)4O[Si2O,]. 
The cell of B-olivine can be derived from y(spinel)-olivine by the transformations 
{1 10}, = (100},, [010], = = (1 10), [001], = (i 0], giving the cell dimensions that are 
as follows a N a, VV. 24,, C, ~ G,/ f2 

The a-olivine nd y-olivine(spinel) structures are both based on closest packing 
of oxygen, and in which (Mg,Fe)** and Si‘* occur in six- and four- coordination 
respectively. The greater stability of the a-structure at low pressure and that of 
the spinel structure at high pressure has been examined | by Kamb (1968), and ex- 
plained in terms of an amplification of Pauling’s rule for edge sharing by coor- 
dination polyhedra in ionic crystals. An investigation of the polymorphism of 
Mg,SiO,, based on data obtained by computer modelling of both observed and 
hypothetical olivine structures, is presented by Baur (1972). y-olivine 


(ringwoodite) froma meteorite was reported by Coleman | (1977) as having ga cubic 
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The lattice parameter and volume chan 
pressures up to 0 154 kba 
a 8°236 and 8:063 A an 
respectively. 

The structures of B- 


-C 
(For a more detailed descriptio 
al., 1972). 

The transformation of Mn,GeO, at 90 kbar and 900°C to a new orthorhombic 
form, cell dimensions @ = 5°257, b = 9°270, c = 2°951 A, Z = 2, space group 
Pbam, and density 5°69 g/cm? was reported by Wadsley et a/. (1968). 

The cell edge, cell volume, Si-O, QO-O and Fe-O and Ni-O distances for 


WEVA 


Fe,SiO, spinel and Ni, SiO, spinel have been determined at 1 atm, 20 and 40 kbar 
and i atm, 20 and 55 kbar respectively (Finger et a/., 1977). The crystai-fieid spec- 
tra of the nickel spinel have been determined at pressures between 1 atm and 121 


kbar (Yagi and Mao, 1977). 
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The crystal structures of the spinel polymorphs of Fe,SiO, and Ni,Si0O, have 
been determined by Yagi et al. (1974), and of the three polymorphs of Co2SiO, 


by Morimoto et al. (1974). 


Chemistry 


The composition of olivines varies from Mg.SiO, to Fe,SiO, and the complete 
diadochy between Mg and Fe?’ is illustrated by the analyses detailed in Tables 


A_12 In many natural eructale and narticonlarly in tha mare iran _rich mamherc 
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of the series there is a little replacement of (Mg,Fe?*) by Mn and Ca. At the 
magnesium-rich end of the series Cr and Ni, generally in small amounts, are 
usually present. Nickel olivine has been synthesized (e.g. Grigoriev, 1937), and a 
natural olivine containing 56°32 wt. per cent NiO has been described by de Waal 


and Calk (1972): thine the ractrictad substitution af Ni: for (Mg,F Fe?% j is generally 
alliu Wain \izi a)>s (nus the EVOL IVINUY JDUYOLALULIWES VL IN bus VAVERyh € D Bwilvl Gay 


attributable to the small amounts of this ion in the magmas and rocks i in which 
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the olivine crystallized. Ferric iron is reported in many olivine analyses. In their 
investigation of the FeO- SiO. system, Bowen and Schairer ( 1932) showed that at 
compositions close to Fe2SiO,, 2:25 per cent Fe2O; was present in the liquid, and 


in some olivines small amounts of Fe** may be primary. The not infrequent 


minnte dendritic actahedra and onanne nilatec and wedoec oriented narallel to 
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the (001) or (100) planes of the olivine host, have been shown in some examples to 
consist of magnetite, chromium-rich magnetite or chromite and these growths are 
probably due to the exsolution on cooling of very small amounts of ferric and 
chromic oxides. In other olivines, and particularly in those with relatively high 


values of Fe>* the ferric j iron is an oxidation product formed by alter 
UVwo 9 aW EWE EA ARV 20 GAL VAIMGaLIVEL vt WUE LW dw vy emgtvi 


olivine (Table 13, anal. 1). 

The substitution of Fe** for Fe?*, in view of the absence of the replacement of 
Si and the presence only of very small amounts of monovalent cations in olivines, 
would require corresponding vacancies in the structure, i.e. 3Fe?* = 2Fe** 


(7116 Any annreaciahle amnanunt af Fe3t wanld lead ta lacal charge imha 
toy. AANY APpreciadie amount O: ce wOurG i€aG tO 10Cai Cnaree imod. 


to local distortions of the structure. 

Ferrifayalite, containing 32°19 wt. per cent Fe.2O; and described as an altera- 
tion product of manganoan fayalite has been described by Ginzburg ef a/. (1962). 
Ferrifayalite (Table 13, anal. 3), 45°07 wt. per cent Fe.2O3, 22°52 FeO, has also 


haan ranartead in the maagnatite dannet at Anchan China (Rarrifavalite Deacaarch 
UU iwvwpvl UNM SAE LLIN JMABAVLILY VMVepvyoit QU PAOLA, WiLGa ua VLLILAYaALLY INV OUGINVII 


Group, 1976). The latter mineral has a monoclinic, olivine-type structure with 
ordered vacant sites (see p. 10). Ferrifayalite has also been described as laihunite 
by the X-ray laboratory, Guiyang Institute of Geochemistry of the Academia 
Sinica (see Fleischer ef a/., 1978). 


A rsamnrahancve ctudy af tha chemis rt 
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y Be 6 
ultrabasic and basic rocks, granites and acidic glasses, and meteorities, in terms 
of the primary, Si, Mg, Fe?*, accessory (isomorphous with Mg,Fe), Mn, Ni, and 
random, Ti,Al,Cr,Ca, constituents has been presented by II’vitskiy and 
Kolbantsev (1968). The sympathetic variation of increasing manganese and 


darreacna nickel cantante ac the amnint af the favalite an nt cre 
aecreasing nicke: Contents as tne amcunt oF tne rayaute Component increases in 


olivines from a wide range of igneous rocks (including olivine-, analcite- and 
melilite-basalts, tholeiites, nephelinites, nepheline phonolite, dunites and gab- 
bros) has been demonstrated by Simkin and Smith (1970), and was attributed to 
the dominant role of crystal-chemical factors, and the minor influence of 


Nraceura_ tamnarnatiura and khulb ramnneitinn nf the hact maama at tha tima 
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crystallization. Considering the whole range of igneous rocks, however, there is a 
marked correlation of the manganese content with the composition of the host 
rock (Table 14). The manganese content rarely exceeds 0°30 wt. per cent MnO in 
olivines more magnesium-rich than Fo7o, is commonly greater than 1-0 per cent in 


midnAdla ranca PaAmaAnctinne urhila wahiac hatwaan 1 f\ andr 3° ray nar nant ara 
migai fange COMpOsIUONs, Whe Vaiues Ottween ia’u afia v per Ceht are 


characteristic of iron-rich olivines. Higher values are not uncommon and two 
manganoan hortonolites are detailed in Table 15; these minerals can be regarded 
as transitional in composition between the (Mg,Fe)-olivines and iron-knebelite 
(see Table 32, p. 340). 


mMmavimum ninbkal pantant 0.6292 et wma er nliariman a m 


The maximum nickel content, U's Wl. pel cent, in 31 olivines exa 
Smith and Stenstrom (1965), is exceeded in the olivines (0°24-0°46 wt. per cent 
NiO) of a number of ultrabasic rocks, such as the dunite of the Higasiakaisii 
mass, central Sikoku, Japan (Banno and Yoshino, 1965). Unusually high con- 
tents of nickel, 0°32-0°55 wt. per cent NiO, also occur in the olivine of the 


per ridotitic komatiites fro om the A fAl chaean Abitibi Br eenstone belt, and up to 0° 57 
wt. per cent NiO in the olivines, Fo93.6-Fos4.6, of 13 garnet-bearing peridotites 
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Table 4. Olivine Analyses (ultramafic rocks) 








1 2 3 4 5 
SiO, 41°10 41°41 41-28 40:96 40°21 
TiO, tr 0-0 0°02 001 <0°05 
Al,O, tr 0-0 tr 0-21 <0:05 
Cr,0, tr 0°18 0-04 0-02 0:06 
Fe,0; 0:00 0-0 0°45 0:00 0°46 
FeO 3:00 6:27 7-0i 7°86 7:79 
MnO 0:03 0:12 0:09 0°13 O11 
NiO 0°67 0°51 0:39 0:25 0°23 
MgO 54°18 51°61 50°70 50°45 51°65 
CaO 0:00 0:19 0-10 0-15 <0:05 
Na,O — 0:0 tr. 0-01 <0°05 
K,0 — 0-0 tr. 0-00 <0°05 
H,0* 0:90 — 0:29 0°00 
H,0° 0:24 — 0:15 _— 0:23 
Total 100: 12 10029 100°23 100:35 100°74 
B — — — _— 1°668 
y _ _ _ _ _ 
2V — — _ — — 
pd’ — — — 3-313 _ 

Numbers of ions on the basis of four O 

Si 1:014 0-998 0:998 0:996 0:976 
Al 0:0007] — 7 0:0007] 0:0067] — 7 
Ti 0-000 | — | 0-000 | 0-000 — | 
Cr 0-000 0:004 0:001 — 0:001 
Fe?* 0-000 | — | a 0:008 L 0-000 | 0-008 L 
Mg 1:892 + 1:98 1°855 1°838 | 2:00 1-827 + 2:01 1868 + 2:04 
Ni 0-014 | 0-010 | 0-008 0-005 0:005 | 
Fe?* 0-064 0-137 0-141 0-160 1158 
Mn 0006 | 0: (003 | 0-002 | 0-003 | 0002 | 
Ca 0:000 0:005 0:003 0-004 — 
mg* 96:4 93-0 92:4 91-8 91°8 


mg *= Mg/(Mg + Fe2* + Fe** + Mn). 


Forsterite, in chromite ore, Molodezhnoe deposit, USSR (Pavlov and Grigor’eva, 1977). Anal. V. Moleva. 
Forsterite, relict core, peridotitic komatiite, Barberton Mountain Land, South Africa (Green er al., 1975). 
Anal. N. G. Ware. 

Forsterite, olivine clinopyroxenite, Kitakami mountainland, northeastern Japan (Onuki, 1965). 

Forsterite, dunite, Dun Mountain, New Zealand (Ross ef al., 1954). Anal. M. D. Foster (includes CoO 0°01). 
Forsterite, enstatite peridotite, Horoman, Hokkaido, Japan (Nagasaki, 1966). Anal. H. Haramura (includes 


P205 <0-05). 7 oO 
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Table 4. Olivine Analyses (ultramafic rocks) 

6 7 8 9 
SiO, 40°67 40°84 41-58 40°43 
TiO, 0°00 0°04 — 0-00 
Al,O,; 0:00 0°19 — 0°91 
cr,0; 0:02 —_ 0°01 — 
Fe,0, 0°61 0°13 _ 0°78 
FeO 760 8°18 8°60 8°31 
MnO 0°15 0°17 0°19 0°16 
NiO 0°38 0:19 — 0°29 
MgO 49:97 50°27 49°56 49-05 
CaO 0:02 _— 0°12 0°00 
Na,O _ _— _ 0:05 
K,0 — — — 0°05 
H,0* 0:90 0:37 _ 0°00 
Total 100°40 100:38 100:06 100-03 
a _— 1°649 — —_ 
p — 1666 — — 
Y — 1°684 —_ — 
2V, — _ — 87 
D- — 3°30 — 3°32 

Numbers of ions on the basis of four O 

Si 0-987 0°994 1:010 0:987 
Al 0-000 0:005 _ 0:026 
Ti 0-000 0:001 —_ 0-000 
Cr 0-000 — —_ — 
Fe** 0-011 0-002 | | — |. 0-014 - 
Mg 1-809 + 1:99 1°824 - 2°02 1°817 - 2°00 1°784 - 2°01 
Ni 0:007 0-004 — 0-006 
Fe?* 0-155 0-177 0°175 0-170 
Mn 0°003 | 0°004 0:004 0°007 
Ca 0°001J — J 0:003 J 0-000 
mg* 91°4 91-2 90°8 90°4 


*Includes Na 0-002; K 0-001. 
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CoO 0:08). 
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8 Forsterite, sagvandite, Hjelmkuna, western Norway (Moore, 1977). Anal. A. 
9 Forsterite, dunite, Red Hills, South Island, New Zealand (Challis, 1965). An 


Chrysolite, plagioclase-bearing peridotite, Hokkaido, Japan (Onuki, 1965). 
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0-996 

0-002 

0-002 

0-001 

0-011 

1:788 | 2-00 
0-005 

0-186 | 
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Forsterite, enstatite dunite (Paviov and Grigor’eva, 1977). Anal. Yu Nesterova and V. Lupanova (includes 


re (total Fe as FeO). 


. Challis. 
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Table 4. Olivine Analyses (ultramafic rocks) - continued 
























































11 12 13 14 15 16 
SiO, 39°26 40°57 40°60 40°24 40°94 39°18 
TiO, ir 0-01 0:00 0-12 —~ 0-06 
Al,O; tr 0-01 0:00 _ 0:69 0:44 
Cr,0;5 — — 0:02 0-14 — 0-01 
Fe,0; 0°48 — 1:08 = 0°68 — 
FeO 10°06 10°67 7:94 12°06 12°43 17°12 
MnO 0°17 0-05 0:07 0°30 —~ 0°17 
NiG — — 032 0°04 —_ 0-36 
MgO 49°67 49°33 48°44 46°74 44:24 42°52 
Cad 0°17 0:05 0-00 0°36 0°42 0°16 
Na,O — = 0-00 _— 0:10 — 
K,0 — — 0-00 — — — 
H,0* 0°64 — 0-07 — — 
H,0° 0-00 — 157 O15 — — 
Total 100°45 100-69 100:12 100°15 99-50 100-02 
@ 1°654 _— — 1:658 — — 
p 1-671 — — 1-668 — ~— 
y 1-690 — _ 1-692 — — 
2V 87° — — — — _ 
dD’ 3:36 _ _ ~ — — 

Numbers of ions on the basis of four O 

Si 0-970 0:991 1-006 0998 1-019 0:995 
Al 0-000} 0-000 0-000 — 0-020 0-013 
Ti 0-000 0-000 0 ooo 0-002 | 70 0.00! 
Cr ~ 0-001 | — 0-000 
Fe* 0:009 ~ 0: 066 _ 0-613 — 
Mg 1-829 | 2:06 1-796 Lz 02 1: rer} 2 03 1-728 [2-00 1-643 1-95" 1-609 
Ni —~ ~_ 0:006 0:001 — 0:007 
Fe** 0°208 0-218 0: 165 165 | 0-250 0:259 | 0:364 
Ma 0-004 0-001 0-001 0-006 0-004 
Ca 0-00 0-001 0-000. 0-010, 0°01 1] 0-004 


mg* 89°5 89-1 88-5 87:0 86°7 81:4 
> Includes Na 0-005. 


11. Chrysolite, dunite, Onverwacht, South Africa (Heckroodt, 1958). Anal. J. A. Rossouw. 

12 Chrysolite, spinel nvroxenite, inclusion in serpentinite, Steinbach, Austria (Evren, 1972) (total Fe as FeO). 
13 Chrysolite, Alpine-type ultrabasite, southern. Siberia | (Pinus, 1965) (includes CoO 0: 01). 

14 Chrysolite, serpentinized harzburgite, Belozersk iron deposit, USSR (Tanatar-Barash, 1964). 
15 Chrysolite, lherzolite, Konjuh, Yugoslavia (Pamic and Majer, 1977). 

16 Chrysolite, garnet peridotite, Tafjord, south Norway (Carswell, 1968) (total Fe as FeO). 
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Table 5S. Olivine Analyses (kimberlite and related rocks) 
1 2 3 4 

SiO, 41°81 40°78 39°36 40°82 
TIO; 0:00 — 0:28 0-08 
Al,O; 0:00 0°03 0:00 tr. 
Cr,Q; _ 003 _ 0:06 
Fe,0,; —_— —_— 0°81 0°19 
FeO 613 8-19 2-84 9:43 
MnO 0°50 0°18 4:78 0:12 
Nio — 0°27 —_ — 
MgO 52°38 50°19 49°15 49°32 
CaO 0:00 0-05 1:49 <0°01 
H,0* 0°00 _ 0°47 0°05 
H,07 — _ 0-00 0:06 
Total 100°82 99°72 100°16 100°13 
a — _— 1°653 1°652 
B ~ ~ 1-668 1-669 
y — ~ 1-685 1-687 
2v, _ _ 88° 91° 
D _ _ _ 3-293 

Numbers of ions on the basis of four O 
Si 0-999 0-993 0°983 0:999 
Al 0:0007 0-00r) 0°0007 0-0007 
Ti 0-000 | _ | 0-005 0-002 | 
Cr — 0:001 —_ 0-001 
Fe?* _ | _ L 0-015 L 0-004 | 
Mg 1°867 + 2°00 1:822+2°00 1°828 k 2:02 1:798 + 2°00 
Ni _ 0-006 | _ — 
Fe** 0-123 0° 167 0°059 0:193 
Mn 0-010 0-003 0-101 0:003 
Ca 0-000 0:001 0-009 0:000 
mg* 93°3 91°5 91°4 89°9 
mg* Mg/(Mg + Fe?* + Fe°* +Mn). 


* Includes Na 0-003. 


1 Forsterite, carbonatite, Jacupiranga, Sao Paulo, Brazil (Mitchell, 1978). 
2 Forsterite, kimberlite diatreme, Prairie Creek, Arkansas (Gogineni et ai., 1978). 
3 








1°658 - 1°660 
1-673 - 1675 
1:690- 1-691 
91°-92° 


1-001 
0:0017 
0-003 
0-001 

0-003 | 
1-725 + 2-00 
0-231 

0-006 

0-034 


87°8 


23 





1°681- 1°676 
1-700- 1°695 
1-718-1°713 
93°-95° 

3°489- 3-495 


0-998 

0-000") 

0-004 

0-000 

0006 

1°539 + 2:00 
0-430 

0017 

0-005 


771 


Forsterite, olivine- magnetite- pyrochlore- calcite rock, Oka, Quebec (Gold, 1966) (includes P20; 0°87; SrO 
0:03, Na2O 0°07, K20 0°01). 
4 Chrysolite, kimberlite dyke, Alno Island, Sweden (von Eckermann, 1974). Anal. H. von Eckermann (includes 
BaO tr, SrO tr. )e 
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Almstrém (includes BaO 0:005, SrO 0° 0-008), 


DH 
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Anal. G. K. Almstrom (includes BaO 0:02, SrO 0:005, V20; <0°01). 
at right angles to the strike of the dyke. 


Chrysolite, in graphic intergrowth with calcite, sdvite, Stolnas Alné Island, Sweden (von Eckermann, 1974). 


Average composition of sample taken 
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Table 6. Olivine Analyses (nodules in kimberlites and alkali basalts) 





1 2 3 4 5 
SiO, 41-2 41-4 40°94 41-08 40:1 
TIO, <0-03 _ 0-00 0-02 _ 
Al,O; <0:03 0:02 0:06 0-02 0-03 
Cr,0; <0-03 0:06 0-00 0-01 0-02 
Fe,0; _ _ 0:00 _ _ 
FeQ 4°45 6-00 7:30 172 8-02 
MnO 0-04 O11 0-01 0-09 0:10 
NiO 0:28 0:34 _ _ 0-38 
MgO 54:3 52:9 50°80 50:27 51°4 
C20 <0-03 0-04 tr. 0°03 0-03 
Na,O _ 0-02 0-03 _ _ 
k,O _ — 0-00 _ _ 
H,0* _ ~— ~ _ 
H.0- _ _ fo 38 _ _ 
Total 100-3 100-89 99°52 99°24 100-08 
e — ~ 1-649 _— _ 
B _ ~ 1-664 _ _ 
y _ _ 1-883 _ _ 
2v, _ _ 86°5° _— — 
D _ _ 3-322 _ _ 

Numbers of ions on the basis of four O 

Si 0-985 0-991 1-001 1:003 0:979 
A} 0:0007 0-000) 0-002) 0-001) 0-00f1 
Ti 0-000 _ | 0-000 | 0-000 | _ | 
Cr 0-000 0-001 0-000 0-000 0-001 
Fe** _ _ | 0-000 | _ [ _ | 
Mg 1-935 +203 1-887 2-02" «= 1-835 + 1-99° ~—s-:1-831 £199 1-867 + 2-04 
Ni 0-005 0-006 _ | _ | 0-008 
Fe?* 0-089 0°12) 0°148 0-158 0°164 
Mn 0-001 0-002 0-000 | 0-002 0-002 
Ca 0-000 0-00) 0-000. 0-001 0-001 
mg* 95°5 95-0 92°5 92:0 91:8 
* Includes Na 0-001. 


mg* = Mg/(Mg + Fe2* + Fe?* + Mn). 


hot 


1975). 


awn 


A. M. Reid. 


wm 


al., 1975). 


Forsterite, granular spinel lherzolite, Thaba Putsoa kimberlite pipe, northern Lesotho (Boyd and Nixon, 
Forsterite inclusion in diamond, Udachnaya kimberlite pipe, Yakutia (Sobolev ef al., 1970). 

Forsterite, lherzolite nodule in kimberlite, Liqhobong, Basutoland (Nixon ef a/., 1963). Anal. M. H. Kerr. 
Forsterite, garnet lherzolite xenolith, Lashaine volcano, northern Tanzania (Dawson et al., 1970). Anal. 


Forsterite, peridotite noduie, olivine metanepheilinite, Ndonyuo Oinchoro voicanic centre, Kenya (Suwa ef 


Table 6. 


SiO, 
Tio, 
Al,O; 
Cr,03 
Fe, O; 
FeO 
MnO 
NiO 
MgO 


Na,O 


wt 


Total 


6 7 8 
41°03 41:3 40°86 
0:00 _- _ 

0:00 — 0:00 
0:00 —_ tr. 

1:37 — 0°12 
6°56 8°46 8°41 
0:09 0°11 0:00 
_ 0°39 0°30 
51°01 50°3 49°91 
0°18 0°03 0:00 
0°08 — 0°14 
tr. _— 0°04 
— _— 0°00 
— — 6°65 
100°32 100°59 99°84 
1°650 _ 1:659 
1°667 — 1-675 
1°685 — 1:681 
87° _— 86° 
3°322 _— 3°363 
Numbers of ions on the basis of four O 
0°992 1:001 0°999 
0000] — | 0-000 
o00] = | 
0-000 — 0:000 
0°025 — | 0°002 
1:839 + 2°02 =: 1-817 + 2:00 1:817 + 2-00° 
_— 0°008 l 0-006 [ 
0°142 0°17) 0°172 
0-002 | 0-002 | 0°000 
0-005 0°0014 0-000) 
91°6 91:3 91-2 


* includes Na 0-004. 
“Includes Na 0°006, K 0-001. 


WIA 


Forsterite, lherzolite nodule, kimberlite, Liqhobong, Basutoland (Nixon etal., 


Daectasite bienshaclietn (ene elem neete? Teeitet 


Hamad (includes P30. 0:01) (Co 102, Mo 226, V 220 p.p.m.). 
9 Forsterite, kimberlitic ‘conglomerate’, Igwisi Hills, Tanzania (Reid ef al/., 1975b). 


10 Forsterite, garnet lherzolite nodule in explosion breccia of alkali basalt, Itinome-gata, Oga Peninsula, Akita 


Prefecture, Japan (Kuno and Aoki, 1970). Anal. Haramura. 


Olivine Analyses (nodules in kimberlites and alkali basalts) 
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1963). Anal. J. R. Baldwin 


25 


Forsterite, olivine nodule in analcite basalt, Calton Hill, Derbyshire, England (Hamad, 1963). Anal. S. el D. 
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Table 6. 
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12 Chrysolite 


15 Chrysolite, nodule in basalt, Ichinomegata, Japan (Ross e¢ ai., 
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12 13 
40°67 40°46 
0-00 0°10 
0:06 0°45 
0°00 — 
_~ 1:76 
9°31 8°26 
0°14 0°14 
— 0°24 
49°05 48°53 
0-63 0°22 
99:76 10016 
f four O 
0:999 0°987 
0°0027 0-012] 
0°000 0:001 
0-000 _— 
— | 0°032 ! 
1°796 + 2°00 1:776 
— 0-005 
0:202 0168 
0-003 0-003 
0°001 4 0°005 4 
89-8 89-7 
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Olivine Analyses (nodules in kimberlite and alkali basalts) - continued 




















14 15 
40°47 40°30 
_ 0°15 
_ 0:25 
_— 0:03 
_— 0:00 
10°29 10°26 
0°17 0:09 
_ O4i 
49°55 48-60 
O-iz 0°07 
_— 0°04 
— 003 
_ + 0-33 
—_ J 
00°60 100°56 
_ 3°349 
989 0-990 
| nan 
— vwuul 
_— 0-003 
— 0:00! 
= | Be 
805 2°02 1-779 2:02 
_— 0-008 | 
216 0-211 
004 0-002 
003 5 §:002_ 
9-4 89°3 


nd Ma 


rey 


spinel iherzolite inclusion in analcite-bearing alkali basalt, Fife, Scotland 
13 Chrysolite, xenocryst in olivine basalt, Mid Atlantic Ridge (Muir and Tilley, 1964). Anal. J. H. Scoon. 
14 Chrysolite, therzolite nodule in damkjernite, Fen, Norway (Griffin, 1973). 


(Chapman, 1976). 


1954). Anal. M. D. Foster. 
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Table 6. Olivine Analyses (nodules in kimberlite and alkali basalts) 



































16 17 18 19 20 21 
sio, 39-12 39°1 38°76 39°6 39-3 38°6 
TIO, 0:03 0:04 0-15 _ 0-01 0°02 
Al.O; 0:74 0-05 0:00 _ 0-02 0-03 
Cr,0; 0-02 <0-03 — 0-02 0-00 0-00 
Fe,0; 0-97 a 0-00 _ _ _ 
FeO 13-20 15-7 18°65 19-2 19°4 21°6 
MnO 0-13 0°16 0-22 0:20 0-22 0°28 
NiG 0-44 0-28 — 026 0-25 0-12 
MgO 44:37 44°5 41:97 41°4 40°8 39°6 
CaO 0-25 0-05 0°42 0-05 0-07 0-04 
Na,O 0-01 — — _ 0-00 ~ 
K,0 0-00 — _ ~ 0-00 ~ 
H,0* 0-20 _ _ _ _ _ 
H,O- 0°16 ~ — — — _ 
Total 99-64 99:9 100°17 100-7 ‘100-01’ 100°3 
a 1-664 — — — — _ 

B 1-684 _— 1-692 ~ _ ~ 
y 1-700 _ _ _ _ — 
2V 90° _ — _ _ _ 
pn’ 3-49 — _ _ _ _ 

Numbers of ions on the basis of four O 
Si 0-992 0-989 0-988 1-007 1-006 0-998 
Al 0021 | 0-001 ] 0-000 ] — | 0-001 | 0-001 ] 
Ti 0-001 | 0-001 | 0-003 | _ | 0-000 | 0-000 
Cr 0-000 0-000 _ 0-000 0-000 0-000 
Fe* 0-026 L _ L 0-000 L _ [ _ L _ 
Mg 1°678 + 2:03 1°677 12°02 1-605 + 2°02 1-532 1:95 1:557 1-99 1-526 + 2:00 
Ni 0-009 | 0-003 _— | 0-005 | 0-005 | 0-002 
Fe?* 0-280 0:332 0:396 0:408 0-422 0°466 
Mn 0-003 | 0-003 | 0°005 | 0-004 | 0°005 | 0-006 
Ca 0-007 0-001 0-011 0-001 0-002 0-001 
mg* 84°5 83°4 80-0 78°8 78°5 16:3 


16 Chrysolite, dunite nodule, alkali olivine basalt, Kirikiripu volcano, Auckland, New Zealand (Rodgers and 
Brothers, 1969). 

17 Chrysoiite, (7) discrete nodule, Letseng-ia-terae, northern Lesotho (Boyd and Nixon, 1975). 

18 Chrysolite, plagioclase spinel wehrlite, alkali basalt, Iki Island, Japan (Aoki, 1968). 


10 Chrvcolite lherzolite venolith. analcitite Snring Mount. New South Wales (Wilkinson and Rinns. 1077) 
ay Unrysoitte, ulerZoite Kenoutn, anaicitite, spring Mount, N@w SOutn Wales (WiUKINSON and omns, i7/ 77. 


20 Chrysolite, alkali pyroxenite xenolith, ankaramite, Lashaine volcano, northern Tanzania (Dawson and Smith, 
1973) (includes P20; 0°02). 

21 Chrysolite, large strained crystal in dunite mylonite xenolith, in kimberlite, Pyramidefjeld, 61° 25’ N. 48° 
25’ W, west Greenland (Emeleus and Andrews, 1975). 


28 Orthosilicates 
Table 7. Olivine Analyses (basic plutonic rocks) 
1 2 3 4 5 

SiO, 39°87 38-06 38°88 37°12 36°34 
Tio, 0-03 0-01 0:05 0-01 0-03 
Al,O; 0-00 0:14 0:05 0°10 0:59 
Fe,0; 0°86 — 1:96 — 1°79 
FeO 13-20 18°39 18°56 27:17 30°17 
MnO 0:22 0-21 0:28 0°34 0:50 
MgO 45:38 42:07 40°17 35-02 30:37 
CaO 0-25 0:04 0°37 0-05 0-00 
Na,O 0:04 0:09 — 0°08 ~— 
K,0 0-01 0-05 — 0-06 ~ 
H,0* 0-33 — — — ~ 
H,0° 0-10 — — — 0-03 
Total 100-30 99-06 100-32 99-95 99:82 
a 1:6626 — —_— — _ 
B — — — —_— — 
y 16990 — _ _ _ 
2V, 90° — _ _ _ 
D 3°44 _ — — — 

Numbers of ions on the basis of four O 
Si 0:997 0-982 0-996 0:992 0-989 
Al 0:000 | 0:005)] 0-001] 0:004 ] 0°0197] 
Ti 0-001 | 0001 0:001 0-001 0-001 
Fe** 0-016 — 0-038 — 0:036 
Mg 1-692 | 1°618 L 1°534 L 1:394 1234) 
Fe** 0°276 72:00 0:397 - 2:04 0°398 + 1:99 0°607 - 2:02 0°688 + 1:99 
Mn 0-005 0-005 0-006 0-008 0-011 
Ca 0-007 0-002 0-010 0-002 0-000 
Na 0-002 0-005 | — 0-004 | — 
K 0-002 0-002 — 0-003 _ 
mg* 85:1 80:1 77°6 69°4 62:7 


mg*=Mg/(Mg + Fe2* + Fe>* + Mn). 


1 Chrysolite, allivalite, Rhum, Scotland (Brown, 1956). Anal. G. M. Brown (includes P2O5 0°01, Cr203 
trace). 

2 Chrysolite, centre of olivine crystal, picrite, Skaergaard intrusion, east Greenland (Nwe, 1976). 

3 Chrysolite, layered complex, Lilloise, east Greenland (Brown, 1973). Anal. P. E. Brown. 

4 Hyalosiderite, centre of olivine crystal, perpendicular feldspar rock, Skaergaard intrusion, east Greenland 
(Nwe, 1976). 

5 Hyalosiderite, layered compiex, Lilloise, east Greenland (Matthews, 1976). Anaj. J. H. Scoon. 
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Table 7. Olivine Analyses (basic plutonic rocks) 





6 7 8 9 10 

SiO, 37°51 35°10 35°59 34°96 34°94 
Tid, 0-15 0°81 0°24 0-00 0:04 
Al,O; 3-00 2:09 0:03 0-00 0-08 
FeO 28°38 33°72 36°18 36°77 39°52 
MnO 0°35 0:44 0°45 0-52 0°48 
MgO 28-02 26°47 26°80 27°04 24:75 
CaO 1°16 0-28 0-02 0-00 0°12 
Na,O 0°18 0:01 — — 0°13 
K,0 0-05 0-02 _ — 0-08 
H,0* 0:01 0:03 — — — 
H,O° 0-05 0°06 — — — 
Total 100:48 100°45 99°55 ‘100°58” 10014 
a 1:704 1°725 — 1:721 _ 
B 1-728 1:748 — 1:750 — 
y 1:744 1:767 — 1:765 _— 
2V, 100° 105° 102° 95° — 
D 3-588 3:744 — — _ 

Numbers of ions on the basis of four O 
Si 1-003 0°965 0-999 0-989 0-993 
Al 0:0937) 0°066) 0-002] 0°0007 0:0037] 
Ti 0-003 | 0-017 | 0:005 0-000 0-001 | 
Fe** 0°032 0°030 0-005 0-000 — 
Mg 1124 | 1°102 | 1:121 1:140 1-048 L 
Fe** 0°632 + 1°93 0:772 -2°01 0849 + 1-99 0:870 + 2:02 0:939 + 2:02 
Mn 0-008 0-010 0:010 0°012 | 0-012 
Ca 0:034 0-008 0-001 — 0-004 
Na 0-005 | 0-000 — | —_— | 0-008 
K 0-002 0°000 — — 0-003 
mg* 62°6 57°6 56°5 56°4 52:4 


Hyalosiderite, gabbro, Jameson Range (Daniels, 1974). Anai. J. Gambie (includes P20; 0°03). 

Hyalosiderite, troctolite, Blackstone Range, Western Australia (Daniels, 1974). Anal. J. Gamble (includes 

P30; 0:03; a 4:784, b 10°320, ¢ 6°035 A). 

8 Hyalosiderite, gabbro, lower zone, Skaergaard intrusion, east Greenland (Vincent ef a/., 1964). Anal. E. A. 
Vincent. 

9 Hyalosiderite, gabbro, Black Cascade, Tripyramid Mountain, New Hampshire (Chapman and Williams, 
1935). Anal. F. A. Gonyer. 

10 Hyalosiderite, gabbro, lower zone, Skaergaard intrusion, east Greenland (Nwe, 1976). Anal. Y. Y. Nwe. 


uO 
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Table 7. Olivine Analyses (basic plutonic rocks) - continued 





11 12 B 14 15 
SiO, 34-04 34-01 33-4] 32:20 32°47 
TiO, 0-43 0-14 0:42 0-05 0-34 
Al,0; 0:91 1-70 0-12 O11 0-02 
Fe,0; 1-46 1-72 _ _ 0-18 
FeO 40°37 42°30 45°16 50°56 53°14 
MnO 0°68 0-48 0°58 0-73 0-73 
MgO 20°32 19°65 19°40 15°63 13-22 
Cad 0°81 0-31 0-14 0°17 0-00 
Na,O _ 0:03 016 0°18 ~ 
K,0 _ 0-02 0-06 007 _ 
H,0 0-09 0-01 = _ _ 
H,07 _ 0-05 _ _ ~ 
Total 99°11 100°45 99°45 99°70 100-10 
a 1-742 1-740 _ _ _ 
B _ 1-766 _ _— — 
Y — 1-783 = —_— —_ 
2v, 102°- 104° 107° _ _ 116° 
D _ 3-870 _ _ _ 

Numbers of ions on the basis of four O 
Si 0:990 0:980 0:989 0-982 0-997 
Al 0-032] 0-059 0-0057] 0-004] 0-001 7 
Ti 0-009 | 0-003 | 0-010 | 0-002 | 0-007 | 
Fe** 0-032 0-038 _ _ 0-004 
M 0-881 0:849 | 0-856 1 0-710 | 0-602 
Fe?* 0-983 £198 1-016 +199 1-118 + 2-02-1289 + 2°04 1-363 | 2:00 
Mn 0-017 | 0-012 | 0-015 | 0-019 | 0-018 | 
Ca 0-025 0-010 0-005 0-006 0-000 
Na _ 0-001 | 0-010 | O01! | ~ 
K _ 0-000 | 0-003 | 0-003 | _ 
mg* 46:2 44:3 43:1 35-2 30°3 


11 Hortonolite, olivine gabbro, Camas Mor, Muck, Scotland (Tilley, 1952). Anal. J. H. Scoon. 

12 Hortonolite, olivine gabbro, Jameson Range, Western Australia (Daniels, 1974). Anal. J. Gamble (includes 
P20; 0:03 a 4°795, D 10°360, c 6°045 A). 

13 Hortonolite reaction rim between augite and magnetite, middle zone, Skaergaard intrusion, east Greenland 
(Nwe, 1976). Anal. Y. Y. Nwe. 

14 Hortonolite, cumulus olivine, upper zone, Skaergaard intrusion, east Greenland (Nwe, 1976). Anal. Y. Y. 
Nwe. 

15 Hortonolite, ferrodiorite, upper zone a, Skaergaard intrusion, east Greenland (Vincent ef a/., 1964). Anal. 
E. A. Vincent, 
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416 Ferrohortonoiite, monzonite, Bjerkrem- Sogndal, Norway (Duchesne, 1972). 


17 Ferrohortonolite, ferrodiorite, Skaergaard intrusion, east Greenland (Deer and Wager, 1939). Anal. W. A. 


Deer, 


arte 


18 Ferrohortonolite, two-pyroxene- olivine mangerite, Raftsund, Lofoten-Vester4len, north Norway (Griffin er 


al., 1974). 
19 Fayalite, fayalite ferrodiorite, Skaergaard intrusion, east Greenland (Deer and Wager, 1939). Anal. W. A. 


Deer. 


20 Fayalite, fayalite-hedenbergite mangerite, Raftsund, Lofoten-Vesteralen, north Norway (Griffin er a/., 


20 


29°3 


0-0 


67°0 
2°26 
0°47 
0-00 


vv 


0-999 
0-000 | 


0-024 L 
1-913 + 2:00 
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1974). 
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Table 8. Olivine Analyses (granites, syenites, pegmatites) 


1 2 3 4 5 
SiO, 30°97 31°26 29°82 29°41 29°85 
TiO, 0-02 0°46 0-01 1°50 0°23 
A1,05 _ 0-00 0-00 2-30 0-71 
Fe,0; _— 0°44 2:16 0-36 1°48 
FeO 59°62 64:31 64°21 62°30 64:87 
MiG 2°01 1-21 0-92 1:29 1-82 
MgO 7-02 2°37 2:34 1:56 1-25 
CaO 0:33 0°06 0-24 0:99 _ 
Na,O — 0-04 _— 0-05 _ 
K,O _ 0-00 — 0-02 _ 
H,0* _ 0:27 0-04 _ 0:04 
HO _ 0-02 _ — 0-07 
Total 99:97 100-44 99:74 99°78 100-32 
a _ 1:815 1-815 _— 1-821 
p _ 1851 — _ 1-863 
y _ 1-865 _— _ ~ 
2v, _ 129° _ _— 131° 
D _ _~ ~ _ 44 

Numbers of ions on the basis of four O 
Si 0-996 1-026 0-992 0-963 0-990 
Al | 0-000 7 0-000 7 0-0897) 0-028] 
Ti 0-000 | 0-011 | 0-000 | 0-037 | 0-011 
Fe>* _— 0-011 0°054 0:009 0:039 
Mg 0°337 | 0-115 0°116 0-076 [ 0-063 
Fe?* 1:604 + 2°01 1:760 + 1°93 1°786 + 1:99 1:705 + 1:99 1:800 + 1:99 
Mn 0-055 | 0-033 0-026 0-036 0-051 | 
Ca 0-011 0-002 0-009 0-035 ~ 
Na _ | 0-002 | — | 0-003 ~ | 
K _ — _ 0-001 ~ 
mg* 169 6 5:8 4:2 3:2 


mg* = Mg/(Mg + Fe2* Fe?* + Mn). 


Ferrohortonolite, augite syenite, Iimaussag intrusion, south Greenland (Larsen, 1976 
Fayalite,- green rapakivi, Tullisenlampi, Lemi, Finland (Simonen, 1961). Anal. P Ojanpera. 

Fayalite, mafic facies of adamellite in Nain anorthosite, northern Newfoundland (Wheeler, 1965). Anal. S. 
Courville and G. Bender. 

Fayalite, bauchite, Bauchi, northern Nigeria (Oyawoye and Makanjuola, 1972). 

Fayalite, green marginal variety of hornblende rapakivi, Nurmaa, Mantyharju, Finland (Savolahti, 1962). 
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Table 8. Olivine Analyses (granites, syenites, pegmatites) 


6 7 8 9 10 
SiO, 29°83 29°87 29°85 29°16 29:75 
TiO, 0:04 0-10 = 0-00 _ 
Al,0; _ 0-19 0-01 ~ 0:00 
Fe,0; _ 0°45 _ _ 0°83 
FeO 69°79 65°37 65°00 67°16 66:10 
MnO O71 2°50 4:35 2:75 3-20 
MgO 0:74 0°48 0°33 0-07 _ 
Cad ~ 0-05 0-16 0°53 _ 
Na,O _ _ _ _ _ 
K,0 _ _ _ _ 
H,0* ~ 0°14 _ _ 0:19 
H,0- 0°28 _ _ 
Total 1011! 99-43 99:70 99°67 100-07 
a 1-82 1-82 1-82 _ ~ 
B 1:86 1°86 1:86 _ _ 
y 1-88 1-87 1-88 _ ~ 
2V 129° 134°5° 129° ~ _ 
Dp’ _ 4:28 4:22 _ _ 

Numbers of ions on the basis of four O 
Si 0:996 1-010 1-00 0:993 1-010 
Al —~ 4 0-008 7 0:0007 — 7 0-000 7 
Ti 0-001 | 0-003 | _ | _ | _ | 
Fe** — 0-011 —_ _— 0-020 
Mg 0-037 | 0-024 | 0-016 | 0-004 | _ L 
Fe?* 1949 - 2-01 1-848 1:97 1-837 F198 1-912 + 2-01-1877 + 1-99 
Mn 0-020 | 0-071 | 0°125 | 0:079 0-092 | 
Ca ~ 0-002 0-006 0-019 ~ 
Sor} PF] OP) OP) FI 
K _ _ _ _ _ 
mg* 19 1-2 0:8 0-02 0-0 





6 Fayalite, associated with fluorite and siderite in hydrothermal vein, Rooiberg, northern Transvaal (Pringle, 
1975). Anal, E. A. Vilioen. 

Fayalite, granite pegmatite, Tsuge, Suzuka, Japan (Suwa, 1964). Anal. Y. Suwa. 

Fayalite, fayalite quartz syenite, Pikes Peak, Colorado (Barker ef a/., 1975). Anal. E. A. Bence and A. L. 
Albee. 

Fayalite, naujaite, Ilimaussaq intrusion, south Greenland (Larsen, 1976). 

Fayalite, granite, Rockport, Massachusetts (Bowen ef al., 1933a). 
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Table 9. Olivine Analyses (volcanic and hypabyssal rocks) 
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Munro Township, northeast Ontario (Arndt ef ai. 
e, tuff, Alban Hills, Italy (Fornaseri, 1951). 
Forsterite, picrite basalt, Pediess River, Cyprus (Searle and Vokes, 1970). 
Chrysolite, alkali basalt, Swieta Anna mountain, Silesia (Chodyniecka, 1967). 
Chrysolite, picrite basalt, Siletz River, Oregon (Snavely et a/., 1968). Anal. L. Beatty, A. Bettiga and W. 
Brannock. 
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Olivine Analyses (volcanic and hypabyssal rocks) 


6 


40°55 


— 
1g! 
v 


bo 
~~} 


=e 


n 


> 
121 es] 


7 


28 
gS 


> 
2Zeootoe 


SSRSESE 


t 
4 


8 
00 
— 


oo 


— J 
RRS 


Be 


209008 
Own ¢ iy 
“lm CA LAC 


Numbers of ions on the basis of four O 


0°993 
0°047) 


sa 


1-99 
ono) 
= 


89-0 


(includes P20; 0°07). 


i 
So wo 


0-995 


—7 
0-001 


0-001 
0-001 
1-742 
0-005 
4 04 


87°3 


Chrvsalite nrimitive tholelitic basalt. Si 
VATYSCMLS, PIUMave UiCcuuic CBSat, SIQueires rast ZONE, Gast 2 


Chrysolite, melilite nephelinite, Marcoux, Massif Central, France (H ernandez 


| 
| 
P20 
: - | 


tnnaieas Faw 


0:975 


0-016] 


0-002 


le zane 


Lact Pa, 


Olivine Group: Olivine 


Moin 


clr ic 


eo 
o,8 
hieie 

—_ WwW 


oot 
t— 


e&oot 
oe 


y 
‘ 


S 
oO 
S 


A = 
No ~) GO 


0-979 


0-005 


86°9 


Rise 


5 


am (Datinn ne 
(pat iza ce 


, 1973). An 


ai., 


10 


38°87 


et 
-“™ 


Our on 


cog &s 
. —~ © bd ¢ = Ww?’ 
y» & SERS 


« 
‘ 


oS 
— 
roe 


—_ 
8 
—" 
ad 


0-967 
0-039] 
0000 | 
0-002 
oon | 
1°707 
03 | 
0°243 
0-004 
0-000 
0-005 
0-002 


86:1 


Chrysolite, alkali basalt, Nye County, Nevada (Vitaliano and Harvey, 1965). Anal. M. Coller. 
Chrysolite, picrite basalt, Thingmuli, eastern Iceland (Carmichael, 1964). Anal. I. S. E. Carmichael. 
Chrysolite, meiilite basait, Spiegei River, Cape Province (Mathias, 1949). Anal. Geochemical Laboratories 
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36 Orthosilicates 
Table 9. Olivine Analyses (volcanic and hypabyssal rocks) - continued 
11 12 13 14 15 

SiO, 39°60 39-41 38°53 38°71 38°89 
Tio, 0°08 0°04 0°04 0°39 0°04 
Al,O; 0°28 0:05 0°74 0°02 0°06 
Cr,0; 0°05 0-03 _— _— 0-04 
Fe,0; 0°86 — 0°67 3°10 _— 
FeO 12°97 16°46 16°60 14:39 18°68 
MnO 0°22 0-21 0°27 0°19 0°31 
Nid 0°16 0-17 —_ _ 0-17 
MgO 44°74 43°27 43°15 42:89 41:31 
Cad 0°73 0-23 0:00 tr. 0°38 
Na,O —_ 0:04 _ ~ 0:03 
K,0 0°01 0°02 —_ 0-06 
H,0* 0°32 — — 0:08 — 
H,O 0:07 _— —_ 0:06 — 
Total 100-12 99-93 100-00 99°83 99-97 
a —_ — 1-665 - 1-675 — _— 
Bp — — 1°680- 1:684 1-668 — 1°675 _ 
Y — _ 1°696- 1:706 _ — 
2V, —_ _ 88°-92° _ — 
D —_ _ 3°467 — — 

Numbers of ions on the basis of four O 
Si 0:996 0:999 0:977 0:982 0:997 
Al 0:0087) 00017 0:0237 00017 0°0027 
Ti 0-002 | 0-001 | 0°00! 0-007 0-001 
Cr 0-001 0-001 — _ 0-001 
Fe>* 0°016 | — | 0-012 0-059 _— | 
Mg 1-663 1°634 1614 1617 1°578 
Ni 0-003 }1:99 0°004 L2-00 _ L2-00 —_ L199 0-004 L201 
Fe?* 0:273 0-349 0'346 0°305 0-400 
Mn 0:005 | 0-005 | 0-006 | 0-004 0-007 | 
Ca 0-020 0:006 0:000 0-000 0-010 
Na _— | 0-002 | _ | _— 0:002 | 
K 0:000J 0-001 —_ — ~_ —_—= 0-002 J 
mg* 85:0 82:2 81-6 81°5 79°§ 


11 Chrysolite, melilite nephelinite, Uvalde County, Texas (Spencer, 1969). Anal. C. O. Ingamells, J. Bodkin and 
N. H. Suhr (includes P20; 0:02, F0°01). . 
12 Chrysolite, core of phenocryst, alkali basalt, Pozzomaggiore, northwest Sardinia (Dostal and Capedri, 


1975). See also anal. 15. 


13 Chrysolite, olivine melanephelinite, Karamoja, Uganda (Hytonen, 1959). Anal. A. Heikkinen (corrected for 1 


per cent of analysed pyroxene). 


cero lise 


(see anal. 12). 
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Chrysolite, rim of phenocryst, alkali basalt, Pozzomaggiore, northwest Sardinia (Dostal and Capedri, 1975) 
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Table 9. 

16 17 
siO, 39-10 38°5 
TiO; 0°13 0-02 
Al,O; 0°62 0-06 
Cr,0; _ 0:04 
Fe,0; 0°16 _ 
FeO 20°00 20:7 
MnO 0:24 0:26 
Nio _— 0°16 
MgO 39°61 40°5 
CaO 0:40 0-30 
Na,O 0-00 — 
K,0 0:06 — 
H,0* — — 
um — 
anqzV — — 
Total ©100-38? 100°54 
B — — 
2V _ _ 
pn’ _ _ 

Numbers of ions on th 
Si 1-001 0-990 
Al 0:0197] 0-002] 
Ti 0-005 | 0-000 | 
Cr _ 0:001 
Fe** 0-003 | _ | 
Mg 1°512 1°55) 
Ni _ r 95 0-003 r 2-02 
Fe?* 0-391 0°445 
Mn 0-005 | 0-006 
Ca 0-010 0-008 
Na _ | _ 
K 0-002 _ 
mg* 791 77°5 
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16 Chrysolite, phenocryst, hawaiite, Mauritius (Baxter, 1975). (includes P20; 0°06. Trace elements Ni 1800, Cr 


250, V 5, Str 7, Rb 7, Ba 20, Y 5 p.p.m.) 


17 Chrysolite, transitional tholeiite, Mt Etna (Tanguy, 1978). 


18 Chrysolite, analcite basanite, Saint-Georges-en-Couzan, Massif Central, France (Hermandez, 1973). Anal. N. 


tr. A ft. nl... XN OF tenance’ 
Vassard (includes Cr203 trace). 


19 Chrysolite, basalt, Buffalo buttes, Colorado (Larsen et al/., 1936). Anal. F. A. Gonyer. 





a4 SUS stette ty ISR YOO 


20 Chrysolite, melilite basalt, Klaasvoogds, Cane Province (Mathias, 1949). Anal, Geochemical Laboratories 


(includes P20; 0°09). 












































38 Orthosilicates 
Table 9. Olivine Analyses (volcanic and hypabyssal rocks) - continued 

21 22 23 24 25 26 
siO, 37-60 36°67 34:46 34:08 30°13 30°56 
TIO, — 0-08 0-07 0-04 0:73 0-72 
AI,O; — 0°22 I: 0:00 0°14 0:09 
Cr,0;3 —_ — — — — —_ 
Fe,0; — 1:08 1°81 0°27 2:88 0-10 
FeO 26:64 26:02 35°84 47°30 58-90 60°81 
MnO 0°85 0:49 0:72 0°65 1°47 3°43 
NiO — — — — — _ 
MgO 34:29 34:56 24:95 17°83 5°58 3°47 
CaO 0°17 0°50 0°53 0-00 0-29 113 
Na,0 — 0:08 0-28 — _ — 
K,0 _— tr. 0°15 —_ — — 
H,0* — 0:20 _ 0-05 — — 
H,O” — 0:20 — 000 — _ 
Total 99°55 100°10 100-05 100-22 100:12 100:31 
a — — 1:725 1:747-1:754 1°792 1:809 
B _ 1:719 1°750 1°775-1-783 1°831 1-842 
y — — 1767 1:790-1°798 1-846 1-863 
2V, — — 105° 109° 125° 128° 
D ~ — 3°69-3:87 3°904 — — 

Numbers of ions on the basis of four O 
Si 1:006 0°982 0:975 1:008 0°972 0:996 
Al — 0-007] 00419 0-000) 0-005] 0-005) 
Ti — | 0-002) 0: oroor 0-001 | 0:018 0-018 | 
Cr _— — _— — — 
Fe** — 0:022 0- 052 0006 0-070 0-004 
Mg 1°368 1:379 1:052 0-786 0°268 0-169 
Ni 1:99 — }2: 203 — 8 ~— [2 — a 
Fe?* 0- -596 0°583 0- 848 1170 1:590 1659 
Mn 0019 0-011 0°017 0-016 0040 0-094 
Ca 0- “| 0-014 0-008 0-000 0:008 0-039 
Na 07004 0-015) _ _ — 
K —~— — 0:005 — — — 
mg* 69°3 69°1 538 39-7 13°6 8:8 


Hyaiosiderite, olivine- pyroxene - piagiociase giomeroporphyritic clot in andesite, Rabaul, Papua, New Guinea 
(Heming, 1977). 


Hyalosiderite, an 
By¥aMiOSIGSTiY, anguc 


Chiba. 

Hyalosiderite, alkali leucodolerite, Islay, Scotland (Walker and Patterson, 1959). Anal. W. H. Herdsman 
Hortonolite, analcite trachydiabase, Mt. Moroto, Karamajo, Uganda (Hyténen, 1959). Anal. J. Juurinen. 
Ferrohortonolite, pitchstone, Arran, Scotland (Carmichael, 1960). Anal. [. S. E. Carmichael. 

Fayalite, porphyritic obsidian, Pantelleria (Carmichael, 1962). Anal. I. S. E. Carmichael. 


i ivi lec (Wilkincan O46) Aww 
nalcite-olivin w South Wales (Wilkinson, 1966). Anal. M. 











Table 10. Olivine Analyses (metamorphic rocks) 

1 2 3 
SiO, 40°76 41:72 41°85 
Tio, 0-16 — 0°07 
Cr M. —_ — 
VIZVy 
Fe,0, _ _ _ 
FeO 1:03 11} 2°05 
MnO _— _— 21 
NiO — _— —_ 
MgO 53°79 57°83 56°17 
CaO 1:12 —_— 0:00 
Na,O 3 — 0°00 
K,O _ _ 0:00 
H,0* 1:09 — — 
H,O° —_ — —_— 
Total 99-20 100°66 100:35 
a 1:639 — — 
p 1:668 — — 
y 1:670 — — 
2v, 84°-88° 86° 20 _ 
D 3°22 — 

Numbers of ions on the basis of four O 
Si 0°979 0°978 0°988 
Al 0027] - 4 0-000 
Ti 003 | _ 0-001 
Cr — _— — 
Fe>* _ [ _ _ 
Mg 1-939 + 2-03" 2-021 1.9.94 1976 
Ni — | — ; _ 
Fe?* 0°021 0°022 0-040 
Mn — | — 0-004 
Ca 0:029_J — | 0-000 _| 
mg* 98-9 98-9 97°8 


mg* = Mg/(Mg + Fe2* Fe?* + Mn). 
“Includes Na 0°014. 


a& Wn = 


(Bucher-Nurminen, 1976b). 


an 


Forsterite, spinel mine, Kugi-Lyal, USSR (Vorob’ev, 1967). 
Forsterite, crystalline limestone, Mogok Mining District, Burma (Adams and Graham, 1926). 
Forsterite, serpentinite, Douglas Creek, South Island, New Zealand (Cooper, 1976). 

Forsterite, clinohumite-diopside-spinel-calcite rock, roof pendant in Bergell tonalite, northern Italy 


Olivine Group: Olivine 














4 5 
42:01 40°6 
0-02 _ 

2-53 3-98 
0:16 0-04 
_ 0°51 
54-72 54-9 
0-13 0-00 
(99-55? 100-0 
1-001 0-975 
—~ | — 7 
0-000 _ 
1-942 0 1-969 
_ 0-010 
0-050 0-080 
0-003 | 0-001 | 
0-003 | 0-000 | 
97°4 96-0 


Forsterite, olivine chromitite, Red Mountain, South Island, New Zealand. (Sinton, 1977). 
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Table 10. Olivine Analyses (metamorphic rocks) 


Trectestte unth cinnhimite in limect 
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Forsterite, olivine-talc rock (metamorphosed serpentinite), Tenguiwa, Iwate Prefecture, Japan (Onuki, 1962). 
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one, Ujama, Fubiand, (oanailia, 17)5). 
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Forsterite, chromite- phlogopite- rich sagvandite, Hjelmkoma, Nordm@re, Norway (Moore, 1977). 


Chrysolite, serpentinized harzburgite, Belozersk, USSR (Tanatar-Barash, 1964). 


6 

7 

& Forsterite, forsterite- phlogonite- magnetite rock, Vostochyni mine, Ensky, USSR (Sobolev, 1947). 
9 

0 


Olivine Group: Olivine 


Table 10. Olivine Analyses (metamorphic rocks)- continued 


11 12 13 14 15 16 

SiO, 38°45 37°58 30°40 29°82 30:09 29°83 
TiO, _ _— — O50 — _— 
Al,O; _— — 2:27 0:00 _ 
Cr,0; — —_ — — — — 
Fe,0,; — — —_ 2°40 — —_ 
FeO 18:20 26°38 63°43 60°84 69°42 69°48 
MnO 0°39 0°66 0°45 0°04 0°28 0:28 
NiO 0°32 _— — _ — — 
MgO 41°81 35°18 5°70 1°81 0°91 _— 
CaO 0°06 — — 2°00 0:08 ~— 
Na,O ~ _— — 001 —_ _ 
K,0 — —_— — 0-02 — — 
H,0° — _ —_ _ — 0°34 
H,O- — — = — _ 0:04 
Total ‘99-22’ 99-80 99-98 99°71 100°78 99-97 
a —_— —_ —_ 1°817 —_— 1°8235 
B —_ — — 1°856 —_— 1°8649 
y _— — _— 1:866 — 1-8770 
2vV _— — _ 131°5° — 130° 
D’ _— _— — 4:28 — 4:215 

Numbers of ions on the basis of four O 
Si 0°992 1-000 0:991 0:987 1003 1:010 
Al | — ] — 7 0-087 | 0-000 000 | _— 
Ti — — 0°012 _— 
Cr — — _ _ 
Fe>* — —_— —_ 0:059 _— 
Mg 1:607 +2°0O  1:397+2:02  0:277+2°02 0:088 +1-98°0- 046 1:99 — 1:98 
Ni 0-007 _ _— — 
Fe?* 0:392 0°5 1°729 1-657 1 937 1-970 
Mn 0.002 | 0:0 oor? | 0.070 0: 003 07008 | 
Ca 0:002 — 0:070 0-003 —_ 
mg* 80°0 69°9 13°7 49 2°2 0:0 



































> Includes Na 0-001; K 0:001. 


11 
Zz 
13 
14 
15 
16 


Chrysolite, chrysolite-anorthite-spinel assemblage, Icicle Creek, Washington, USA (Frost, 1976). 
Hyaiosiderite, olivine- garnet-hypersihene granulite, aureoie of Nain compiex, Labrador (Berg, i977a). 
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Ferrohortonolite, olivine- garnet-hypersthene granulite, aureole of Nain complex, Labrador (Berg, 1977a). 


Fayalite, eulysite, Maiupol’ iron deposit, USSR (Val’ter, 1969). 


Fayalite, Gunflint Iron Formation, Minnesota-Ontario (Floran and Papike, 1978). 
Fayalite, metamorphosed iron-rich sediment, Brocken, Harz, Germany (Ramdohr, 1927) Anal. J. Jakob. 
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Table 11. Olivine Analyses (meteorites) 














1 2 3 4 5 6 q 

SiO, 40°21 38:9 38°4 37-26 36°37 33:4 32°59 
TiO, 0:00 <0-01 0-04 — — 0-08 — 
Al,O, — — 0-25 0:08 0:02 0-02 — 
Fe,0; — — — — — — — 
Cr,0; — 0°63 0°05 0:70 0-09 0:04 — 
FeO 12°57 19-3 19-3 25°75 30°55 50°8 §1-80 
MnO — 0°48 0:24 0°49 0-52 — — 
NiO — 0°03 — —_ — 0-04 — 
MgO 47°49 41-1 39°6 35:00 32°98 15:3 15°60 
CaQ 0°20 0:42 1:70 0°36 007 0°24 11] 
Total 100°47 100-86 99°6 99°64 100-60 99-99 101-10 

Numbers of ions on the basis of four O 
Si 0:993. 0992. 0986  0°994. ~— 0-983 0-963 0-981. 
Al — 0-008 0-003 0-001 0-001 — 
Ti — 0°00] — _ 0:002 — 
Fe** — — — _ — _— 
Cr — 0: 013 0:001 0-015 0:002 0:001 — 
Mg 1:748 }2°01 1°:562}2°01 1°515+2°02 1°391 }2:00 1°328 +2:04 0-658 11-9907 0:700 +-2-04 
Ni_ — 0:001 — — —_ 0:00! —_ 
Fe** 0°260 0°412 0°438 0:574 0°690 1°226 1°304 
Mn — 0010 0°005 0-011 0-012 — — 
Ca 0:005 | 0-011 | 0°047 | 0-010 | 0-002 | 0-007 | 0-036 | 
mg* 85°1 78°8 17-4 70°4 65:4 34-9348 


1 Pallasite, Huckitta, Central Australia (Madigan, 1939). Anal. A. R. Alderman. 

2 Xenoblastic, ureilite, Kenna (Berkley ef a/., 1976). 

3 Crystal, mean composition, chondrule, Sharps (Dodd, 1971). 

4 Microporphyritic xenolith, chondrite, St Mesmin (Dodd ef a/., 1975). (Chromium reported as Cr20; though 
possibie ail or most present as divalent ion.) 
Microporphyritic chondrule, Manych (Dodd, 1978). 


6 Achondrite Lafavette(Boctor ef a/.. 1978). (Includes Na,0 0°05. K,00-°01.) 
S ACHONAIHES, Larayerte ( GOctor ef ai., az). aNMCuaes Nagy UU, AZ UU) 


Achondrite, Nakhla (Prior, 1912). 
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Table 12. Olivine Analyses (lunar rocks) 
1 2 3 4 5 6 7 
SiO, 41:2 37°2 36°22 34°4 32°7 30°6 29:2 
Tid, 0°63 0°48 0-09 012 0:05 _— 0°06 
Al,O,; 0°38 0:00 0°19 0°06 0:06 _— —_— 
cr,0; 0-01 O11 0°19 0°06 0-04 _— 0-03 
FeO 7°5 26°8 30°49 410 52°8 65:2 68°5 
Mnd 6:08 0°25 0:30 0°40 0°74 _— 1:01 
MgO 51°3 35°4 32°89 22°9 13:7 1:67 — 
Cad 0°24 0°31 0°25 0°31 0°44 0°66 0°46 
Total 100°74 100°6 100-63 99°25 100°55 98°13 99°2 
Numbers of ions on the basis of four O 
Si $966 0-986 0°978 0-995 0996 1°029 0:997 
Al 0°01 0-000 0°006 0-002] 0002) —_ | _— i 
Ti 0°001 0°010 0:002 0-003 0-001 _— 0:002 
0-000 0-002] 0-004 | 0:001 0-001 —_— | 0-001 | 
Mg 1°848}2:02 1:°398/2°02 1-323 12:04°0-998 0-622 11-90°0-08411-94 — 12-00 
Fe 0-152 0:594 0°689 0-992 1°344 1-834] 1-957] 
Mn 0°002 0-006 0007 0-011 0-019 _— 0-029 
Ca 0-006, 0:009 0:007. 0:010 0:001 0-024] 0:01 
mg* 92°4 70°0 65°5 49°9 31:6 4:3 0:0 
* Includes Na 0-001. 
» Includes K 0-001. 
*mg = 100 Mg/(Mg+Fet+Mn). 
Forsterite, spinel troctolite, microbreccia, Apollo 16 (Prinz ef @/., 1973) 


Chrysolite, porphyritic ilmenite basalt, Apollo 12 (Papike e¢ a/., 1974). 

Hyalosiderite, recrystallized anorthositic norite, Luna 20 probe (Podosek ef al/., 1973) (includes Na3O 0:01). 
Hortonolite, soil sample 69941. 13, Apollo 16 (Taylor and Carter, 1973). 

Hortonolite, melanocratic rock, Luna 20 site (Tarasov ef a/., 1973) (includes K2O 0-02). 

Fayalite, reaction rim between ilmenite and pyroxene, Oceanus Procellarum (El Goresy et a/., 1971). 
Fayalite, medium-grained cristobalite basalt, late-stage mesostasis in medium-grained gabbroic rock, Apollo 


Wd s/Mo ne oe et 1 OY 
11 (DrOW!IL Cf Gi., Las 1). 
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Table 13. Ferrian olivine and ferrifayalite 








1 2 3 

SiO, 40:32 30:48 31-85 
TiO, 0-16 0:07 _ 
Al,O3 2°44 0:37 0065 
Fe,0; 6:48 32°19 45-07 
FeO 11°50 26:77 22:52 
MnO — 7-96 _— 
MgO 37°32 0:10 0:47 
Cad 1:36 0-82 0°47 
Na,O = 1:14 _— 
K,0 — 0:08 _ 
H,0* — 0-80 _ 
H,0° — 0-00 _— 
Total 99°58 100-78 100-45 
a 1-670 _ 201° 
B 1-690 1:926- 1:957¢ _ 
Y 1:707 — 2:03° 
2V 100° — _ 
p’ — 3-90 3-967 

Numbers of ions on the basis of four O 
Si 1-014 0943 0:946 
Al 0-072 | 0-013 0-002 ] 
Ti 0:003 0-002 — 
Fe>* 0-123 | 0:759 | 1-007 | 
Mg 1:397 0:005 0-021 
Fe?* 0-242 pre 0-692 r 1°78 0:560 t 1-61 
Mn — 0-209 — 
Ca 0:037 | 0:027 | 0:015 | 
Na — 0:068 — 
K - | 0:003 | | 
=n, 
» 7/(100). 
© 1(100). 


1 Ferrian chrysolite phenocrysts, dolerite, Poladansk orefield, USSR (Sarkisyan and Shubladze, 1965). High 


FeO; ascribed to inclusions of hematite. Due to impurities mineral shows indigo-blue iridescence 
resembling that of bornite. 

2 Ferrifayalite, alteration product of manganoan fayalite in quartz- feldspar rock, Kuramin Ridge, Soviet 
central Asia (Ginsburg ef a/., 1962). (a 4:72, b 10°5, c6:10 A). Mineral opaque, dark grey to black but 
translucent in thin fragments, 


3 Ferrifayalite, magnetite deposit, Anshan, Liaoning Province, China (Ferrifayalite Research Group, Peking 


TIinivarcite. [O76\ (Cae allen Fleischer 1077 1078) 


ral 
University, i7/G;). (see aso rieiscene Gi, azii, a7i&y. 
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Table 14. Mean content of MnO in olivines of igneous rocks 














No. of 
wr ia ee I BRaif __.4 a 
Fivst annals. Comp. range Win 70 
Tilsen en ft. rocks 1e Ra Ce n.14 
Uitramaric FOCKS 1D FO ,907 FOgo Uris 
Nodules in basic rocks 14 Fo, 99 - Fo79 0°15 
Basic plutonic igneous 3 FO, 90- F679 0:24 
Basic plutonic i igneous 7 F079 ~FOs9 0°44 
DBDanin ebhistamin innania mm Ca Ca n.ayr 
Basic plutonic igneous iv £USQ- FUN Vvawri 
Volcanic and hypabyssal 18 Fo; 090- For 0:23 
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1 Manganoan hortonolite, cumulo-kenyte xenolith in foyaite, Mount Kenya (Rock, 1976) (includes CoO 0°36, 


Vity oan 
¥2U5 UU). 


2 Manganoan hortonolite, Franklin, New Jersey (Frondel, 1965). Anal. L. H. Bauer. 


examined by O’Hara and Mercy (1963). Higher nickel contents, ranging from 
0°39 to 0°76 wt. per cent, occur in the olivines of the chromitite pods and lenses of 
the Twin Sisters dunite (Onyeagocha, 1978.) The relic olivine in the altered 
ultramafic lavas of Barberton Mountain Land, South Africa, shows a small 


deoree of normal Me-Fe zoning that is also accomnanied by a change in the 
a wistsiow aaa esahw 
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nickel content in the cores and margins with 0°51 and 0°47 wt. per cent NiO 
respectively. The nickel content is generaily smaiier in the less magnesium-rich 
olivine of basic rocks, e.g. 0°11-0°29 in the phenocrystal, Fos,.7-Fogs, and 


0:11-0:20 wt. per cent NiO in the groundmass olivines in basalts from the Mid- 
Atlantic Ridae at 7_27ON (BRlawer of af 1077) A nickel alivine (iehenheraite\ 


Atlantic Ridge at 36- 37°N (Flower et al., 1977). A nickel olivine (liebenbergite) 
containing 56°32 wt. per cent NiO (Table 16) has been described from Barberton 
Mountain Land, South Africa by de Waai and Calk (1973). 

The data pertaining to the NiO content of olivines from three rock associa- 
tions, upper mantle peridotites and metamorphosed equivalents, Archaean 


Lamatiitec nd crustal nitrahacic and hacic rorke eluding thaleitic alkali and 
KOmMAattes, and CruStai uitracasic and dasic rocks, iInc.suading tnOreiitic, GIANG Qiu 


picritic basalts, diabases and layered intrusions, compiled by Fleet ef a/. (1977), 
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Table 16. Nickel olivine (liebenbergite) Analysis 





SiO, 29°39 Si 0:989 

NiO 56°32 Ni 1°525 

MgO 6°50 Mg 0-325 L son 
Cad 1°80 Co 0049 | ~ 
FeO 4:37 Fe?* 0:126 

Total 98°38 


and 
1973). Anal. L. C. Calk (mean of eight microprobe analyses on separate grains); a 4°727, b 10- 191, c 5-955 A,a 
1-830, B 1-854 (calc.), y 1888, 2V 2", D 4°60 (calc.), dispersion r > v; pleochroism o = B colourless to p 


werew ese a vw Aver ese rws reewrwt ~~ 
green, y greenish yellow. 
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Fig. 10. Variation of MgO and NiO in olivines of upper mantle peridotites (continuous line) and 
olivines of basalts, diabases and layered intrusions (broken line) (after Fleet et al., 1977). 


are shown in Fig. 10. The data, if regarded as a single population, show that the 
variation of NiO is a diffuse exponential function of the content of MgO, but in- 
creases sharply ata composition of @ Fo7s5 and reaches a maximum of between 
0°5 and 0°55 wt. per cent in the most forsteritic olivines. The figure also illustrates 
a different distribution for olivines from the upper mantle and from crustal rock 
associations. The NiO/MgoO distribution of the former could be due to mantle 
heterogeneity resulting from the concentration of NiO in the refractory residues 


of one or more partial fusions of upper mantle material, whereas that of the 


crustal association is most pr obably the result of the PIOCesses of equilibr ium and 
fractional crystallization as well as variable composition of the crustal source. 
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The content of chromium is usually less than that of nickel but like the latter 
ion it is restricted to the more magnesium-rich olivines. Chromium, expressed as 
Cr20; is usually less than 0°05 per cent, and in many olivines of terrestrial rocks 


does not exceed 0:01 wt. per cent. O’Hara and Mercy (1963) reported a range of 
hetweaen 0:NDNA and 0:N20 Cr.O, in garnet neridotitec. and Flower ef a/ (1977) g give 


VEULWOULL UV UU GNU Vos VII oa SELAAVE PELL, GLANS ALWYN DE UE. La” 


values of 0°:00-0°08, and 0:00-0:05 respectively for the phenocrystal and ground- 
mass olivines in the basalts of the Mid-Atlantic Ridge at 36-37 °N. 

Unusually high contents of chromium are present in the olivine of the 
peridotitic komatiites of Barberton Mountain Land, South Africa, with 0°18 and 


N-90 wt nt CriTy + 
0-29 wt. per cent Cr,O; respectively in the cores and margins of the relic olivines 


of these altered ultramafic lavas. Olivines, with 0°40 wt. per cent Cr2Qs;, in the 
dunites of the Red Mountain- Dei Puerto mass, California, have been reported 
by Himmelberg and Coleman (1968). The latter value is an order of magnitude 
greater than those of the olivine of alpine peridotites, and of lherzolite nodules in 


Ibah kh Ite and in th wiatita al 
alkali basalts, and in the peridotite xenoliths in kimberlites reported by Meyer 


and Boyd (1972). Higher chromium values are found in the inclusions of olivine 
in diamonds and even greater amounts, in excess of 0°4 wt. per cent Cr2O3, have 
been reported for some lunar olivines (Bell, 1970; Butler, 1972). Following the 
generally accepted view that low oxygen fugacities, P,, + 10°'? atm, prevailed 


aM Maamat pructalligatinan F lanmar material it hac hean cruiggectad that in 


during magmatic Crystauization or iunar®r 1llatwilal it Mads ULI) SUBBLOLLU tilat Li 
these olivines the chromium is present in the structure as octahedrally coor- 
dinated Cr?*, a view that is consistent with the evidence of the optical absorption 
spectra (Haggerty ef al., 1970). Recent Mossbauer and spectral measurements at 
high pressures also indicate that chromium as Cr?*, is present in olivine inclusions 
in diamond, and here is due to the stabilization of the divalent cation at the high 
confining pressure operating at the time of their formation. 

Relatively small amounts of calcium are present in the majority of olivines. 
Simkin and Smith (1970) gave the normal range as 0°0 to 1:0 wt. per cent CaO in 
igneous rocks but found little relationship between the calcium content and the 


ele nt tt that ed 
Major ciement Var riation except tnat, in zoned crystals, calcium shows a positive 


correlation with the content of iron. Although there is no apparent systematic 
relationship between calcium and iron throughout the olivine series, it is clear, 
from olivine compositions in ultramafic rocks (Table 4) and the nodules in alkali 
basalts and kimberlites, that less calcium is present in highly magnesium olivines 


a ith th tain: a + 
compared with those containing moderate amounts of iron. 


Ferguson’s (1978) study of the olivines in the olivine basalt-trachyte series of 
Gough Island, St Helena and Tristan da Cunha, and in the leucitite and 
phonolite-tephrite series of Bufumbira, Uganda, showed that high Ca contents 
(1°9 wt. per cent CaO in a trachyte from Gough Island) are restricted to the 


olivines of the trachytes (Fig. 11). Ferguson also noted that the amount of 


calcium enrichment in the olivines is related to increasing values of the 
Ca/(Al+Na+tK) ratios of the host lavas. 

Some of the most calcium-rich olivines, containing between 2°50 and 5:90 wt. 
per cent CaO, have been reported by KrAl (1962) from the basalts of western 


alaian alieniman ac ezall magnacan birechctainitec (Tahle 22 anale 


Bohemia. Calcian ouivines, as wlll as magnesian All sensreinites LLAUVIL JI, AMGLO. 
15, 17) also occur in the melilite nephelinites of the Nyiragongo area (Sahama and 
Hytonen, 1958). 

Relatively high contents of titanium have been reported in some of the older 
olivine analyses but it is very probable that these samples contained inclusions of 


tani laxwnren 


ahe wal 
titanifer vus magnetite. Recent micr opr GUE Vaiies are very much smaller, e we -s. < 


0°03 to 0°04 wt. per cent TiO, and 0-230 p.p.m. Ti for olivines of ultramafic 
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Fig. 11. CaO-MgO (wt. %) plot of olivines from (a) leucitite and phonolite - tephrite series, Bufum- 
bira; (b) anorthoclase trachytes, Victoria, Australia; (c) olivine basalt- trachyte series, Gough Island; 
(d) trachybasalt series, Tristan de Cunha; (e) olivine basalt-trachyte series, St Helena Island (after 
Ferguson, 1978). 


nodules in kimberlites by Boyd and Nixon (1975) and Bishop et a/. (1978) respec- 
tively. A number of recent determinations of the potassium, 2°99- 9-46, rubidium 
0:015-0°045, strontium, 0:162- 1:05 and barium, 0:76-1:77 p.p.m. contents of 
olivines from peridotite inclusions in kimberlite, and of potassium, 3°69, 


rubidium, 0°009, strontium, 0°578 and barium, 1°25 p.p.m. in the olivine of a 


Hawaiian ankaramite, have been reported by Griffin and Murthy (1969; see also 


Bishop et ai., 1978). A wide variation in the rubidium and strontium contents, 
0:035-0°12 and 0°421- 1-96 p.p.m. respectively, in the olivine of the spinel lher- 
zolite xenoliths in an alkali basalt from Victoria, Australia has been recorded by 
Burwell (1975). A much h higher content of rubidium, 3 J p.p.m. (Cs 2°15 p.p.m.) is 
present in the fayalite of the riebeckite granite at d’Evisa, Corsica (Maluski, 
1975). Barium, strontium and rubidium abundances for a large, 7 mm diameter, 
olivine, Fo79, chondrule in the Allende meteorite have been determined by 


Tanaka et al. (1975; see also Martin and Mason, 1974), and rubidium 0°5614, 
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strontium 6°473 (ug/g) for olivine, Fo7s, in the shonkinite of the Mordor com- 
plex, Central Australia (Langworthy and Black, 1978). 

Concentrations of La, Ce, Sm, Eu, Yb and Lu in the olivines of a number of 
alpine, ophiolitic and xenolithic lherzolites are given by Menzies et a/. (1977), and 
Frey (1970) has determined the rare earth contents (2REE = 0°60 p.p.m.) of two 
olivines from the Lizard peridotite. The concentrations of the rare earths display 

a ‘V’ shaped pattern with the middle of the lanthanide series having the lowest 
relative abundances, e.g. Eu 0°0041 p.p.m. There is no apparent simple explana- 
tion for this pattern, but a similar distribution has also been reported for the 


olivine of the ‘Brenham pallasite meteorite (Masuda, 1968). The REE content of 


ah ~.A A ll. 1. meteorite ae ke A - 


an olivine chondrule in the Allende meteorite has been determined DY Tanaka ef 


al. (1975). 


Olivine Group: Olivine 49 


The marked preferential entry of antimony into early magnesium-rich olivine 
and its sequential progressive decrease in the more iron-rich members to 
crystallize during the later stages of fractionation of basic liquids has been record- 


ed by Esson et al. (1975). Thus the content of antimony in the olivines of the 
Skaergaard intrusion is 1:375, 1:17 and 0°205 p.p.m. for the compositions FO¢3, 


ed eases VY ave aeee aw 


Fos; and Foao respectively; arsenic displays a reverse but less marked trend, the 
corresponding values being 0°075, 0°086 and 0°17 p.p.m. 

The content of the platinum group metals, Pt 0:0052, Pd 0:0071, Rh 0-001 4 
and ZIr + Ru + Os 0-000 05 wt. per cent, in the olivine of the pyroxenite ore in the 


Kachkanar gabbro - pyroxenite pluton of the Ural platinum belt have been 
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reported by Fominykh and Khvostova (1971). 
Other minor element abundances have been presented by Iida ef a/. (1961) for 
Ba, Ca, Cr, Co, Cu, Mn, Ni, Ti, V in the olivines of the Tertiary and Quaternary 


rocks of the Izu-Hakone region, Japan; by Himmelberg and Coleman (1968) for 
Cr, Ni, Co, Cu, V, Ba, Se for the olivines of the ultramafic rocks of the Red 


Mountain - Del ‘Puerto mass, California; by Maluski (1975) for Th, Cs, Rb, Co, 
Ni, Sc, Ta, Eu in fayalite of the riebeckite granite, d’Evisa, Corsica; by Dodd 
(1973) for Ca, Al, Cr, Mn, Ti, Na in olivine in the chondrules of the Sharps chon- 
dritic meteorite; and by Smith, J.V. (1971) for Cr, Ca, Mn, Ti in Apollo 11 and 
172 hacalts 


at VAIEHAI: 


Olivine is essentially an anhydrous orthosilicate, and the water reported in 
many analyses is most probably due to the presence of smaiier or iarger amounts 
of incipient hydrous alteration products in the samples. The possibility, however, 
that small amounts of hydroxyl may be present in the structure has been raised by 


two investigations. A green transparent olivine examined by Wilkins and Sabine 


(1973) was found to have a water content, determined by an electrolytic tech- 
nique, of 0-008 0 wt. per cent, and in conjunction with the observed (OH) bands 
in the infrared absorption spectrum is considered to be of structural significance. 
The precise location of the water is not known, but it is possibly present in the 
structure, either as (OH) ions in place of oxygen, or occupying vacant sites. The 


watsawas we Vewep 


second investigation, of : an olivine containing between 0: 05 and 0-10 wt. per cent 

H.0, and showing an absorption band at 2°83um, tentatively interpreted as due 

to a small replacement of SiO by (OH)§ , has been described by Beran (1969). 
Chrysolite xenoliths from the Aykhal kimberlite pipe, Yakutia, exhibit water 


spectra with structurally non-equivalent (OH) groups; this water is not considered 


Vp wwtls VV AULE JUS UWE waaay aawas wey sv etawset es a} of “ee CASEY VIGO WSA SL awe WW shit ws wes 
by Nicol’skaya and Samoilovich (1977) to be a primary constituent of the olivine 
but the result of post-magmatic hydrothermal alteration. 

The replacement of Si by trace amounts of P**, based on analysis of four 


olivines from which possible submicroscopic inclusions were removed by leaching 
in 0°5 M nitric acid, and found to contain 517, 260, 67 and 48 p.p.m. P, has been 
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reported by Koritnig (1965). 

Other data on the phosphorus content of olivine include those by Henderson 
(1968), 70-180 p.p.m. P in olivines of layered basic intrusions; by Anderson and 
Greenland (1969), 90-400 p.p.m. P in olivine phenocrysts in alkali basalts; and 


by Bishop ef al. (1978), 20-90 o.0.m. P in garnet neridotite xenoliths in some 
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African kimberlites. In the latter. except for one olivine, the content of Na is 
greater than that of P, and Bishop ef a/. suggest the possible substitution of Na + 
P = (Mg,Fe) + Si. 

The heavy oxygen isotope composition of olivines from a number of ultrabasic 


rocks has been determined by Pinus (1971), and shows that increasing values of 


A'8o [=(°O/'%O) sample/(!*O/10) standard -1] x1000 are related to the 
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depth of formation of the host rock. Thus A'8O increases from +4°5, for the 
olivines of the alpine-type dunite of the East-Sayan massif, to +5-6 in the alkaline 
ultramafic rocks of the Gulin Massif, Siberia, and to +5°8 in the olivines of the 
pyroxene peridotite inclusions in the kimberlite of the Obnazhennaye pipe, 
Siberia. Taylor and Epstein (1962, 1963) have demonstrated that the A'*O 
values in olivine are lower than those of the coexisting silicates, e.g. 4°5 per mil 
for olivine, Fa39, compared with 5-6 for both the orthopyroxene and clinopyrox- 
ene in the hypersthene olivine gabbro of the Skaergaard intrusion. ®’Sr/®*Sr 
ratios (0°702 90- 0° 708 ao of the olivines of three alpine lherzolites have been 


Cation Distribution 


Since the early work of Ramberg and DeVore (1951) on the distribution of Fe?* 
and Mg?* between coexisting olivine- orthopyroxene pairs, there have been many 
investigations of naturally occurring associations of the two phases. The distribu- 
tion of Mg** and Fe?* in coexisting olivines and orthopyroxenes, and olivines and 
diopsides, in relation to the ionization potentials of the ions, was discussed by 
DeVore (1955) who also presented data relating to Ti, Cr, Mn, Ni and Co frac- 
tionation ratios for both pairs of coexisting phases. Later studies on natural 
olivine- orthopyroxene pairs include those of Bartholomé (1962, 1964), O’ Hara 


(1963), Mueller (1964), , Mercy and O’Hara (1967), Peters (1968), Monchoux and 


saeemn f(I1OLON ane A RA RGs eee 2A NMerctenr 
Besson (1969), and McSween and Nystt om (1979). 


More recently a number of experimental investigations relating to the parti- 
tioning of Fe*” and Mg*" between olivine and orthopyroxene have been reported, 
particularly by Nafziger and Muan (1967), Kitayama and Katsura (1968), 


Medaris 5 (1969), Larimer (1968) and Matsui and Nishizawa (1974) (see also Deer 


éi ai. ’ 1978), and compositions of coexisting olivine, pyt oxene and magnesiofer- 
rite, as a function of temperature and oxygen fugacity, have been determined, by 
Speidel and Osborn (1967). References appertaining to theoretical considerations 
of the exchange reaction are given on p. 55. The thermodynamics of the 


distribution of Mg, Fe, Mn, Co, and Ni among one orthopyroxene, calcic 
tsk 


Atl.. Mitre 
clinopyt OACHE and liquid are discussed Uy Navro 


Olivine - orthopyroxene Fe-Mg partitioning. The compositions of coexisting 
olivine and pyroxene solid solutions at solidus and subsolidus temperatures in the 


system MgO- ‘FeO’-SiO, at low oxygen | partial pressures (Fig. 12) have been 
determined by Nafziger and Muan (1967). These high temperature measurements 
have been used to calculate the free energies of formation of the end-member 
compositions, and to derive activity- composition relations for the solid solution 
phases. The activity- composition relations along the MgSio. ;02- FeSig.,;O2 join 
are illustrated in Fig.13 and show a moderate positive deviation from ideality in 
the olivine solid solutions. A similar investigation, at a somewhat lower 
temperature of 1205°C, of the activity-composition relations of the 
(Mg,Fe)- olivines has been presented by Kitayama and Katsura (1969) whose data 


show a comparable positive deviation from ideality in olivine solutions. 
Following the work of Nafziger and Muan, Larimer (1968) determined the Fe 

contents of olivine and pyroxene coexisting pairs for (Mg,Fe)Sio.sO2- 

(Mg,Fe)SiO;- Fe phase assemblages at 1100, 1200 and 1300°C. The composition 
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Fig. 12. Compositions in the system MgO-FeO-SiO, of coexisting olivines and orthopyroxenes 
equilibrated at 1200 °C (dashed lines) and three-nhace triangles olivine + nyroxene + SiO, at 1150, 


1200 and 1250°C (after Nafziger and Muan, 1967). 
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Fig. 13. Activity - composition relations along the olivine join of the system MgO- ‘FeO’ - SiO, 
(after Nafziger and Muan, 1967). Crosses, ~vaiues obtained from the olivine + SiO, phase 
assemblage at 1150 and 1200°C. Solid circles Saud: solid squares, 4 p,5),.,0, and In 9515.503 -values 
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respectively obtained from the olivine- pyroxene assembiage at 1200 °C. 
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Fig. 14. Olivine compos osition as as a function of oxygen partial pressure and temperature derived from 


of the olivine as a function of oxygen partial pressure and temperature (Fig. 14) is 
given by the expression: 
V2 log Py, = log Npsi,.0,~ 14540 T + 3°6 


eSio.s 


The distribution coefficient of Fe and Mg between olivine and pyroxene: 
N(FeSio. s02)N(MgSi0;) 
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N(MgSio. s02)N(FeSi03) 


was found to be independent of temperature in the range 1100-1300°C but 
dependent on composition, with Kp values of 1°06 and 1°2i respectively for 
N(MBSio. 502) = 0°018 and 0°348. AG® for the exchange reaction MgSio.;O2 + 
FeSiO; = FeSio.sO2 + MgSiO;, derived from the experimental data, is -0°77 
+ 0:2 compared with Nafziger and Muan’s (1967) value of -0°6 + 0°5 keal 
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The partitioning of Fe and Mg between olivine and orthopyroxene at 900°C, 
0°5 kbar fiuid pressure and oxygen fugacity of the QFM buffer for four 
olivine- orthopyroxene pairs synthesized from oxide starting mixes, and three 


reversal runs, in which Fe and Mg were exchanged between pure olivine and or- 
thonvrovene of different initial Fe—-Mo ratin. was ctudied hv Medaric (1969) The 
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data are expressed as the ratio of the mole fraction of Fe and Mg in olivine, 
(X,./Xuglo» Versus the ratio of the mole fraction in orthopyroxene, (Xpe/Xutg oor 

The line “of best fit for the four synthesis pairs and the final compositions of the 
three reversal runs, expressing the equilibrium partition of Fe and Mg between 


olivine and orthopyroxene, are shown in Fig. 15. 


The compositions, at measured values of oxygen fugacities of the coexisting 


phase in the Fe-MgO-SiO2-O2 systems have been used (Williams, 1971) to 
calculate the equilibrium constants for the reactions. 


Fe + Y%SiO2,+ Y’rO2 = FeSi,,,O2 (1) 
Fe + 402+ MgSi,,,O2 = FeSi,,,02 + MgO (2) 
MgSi,,,O2 + FeSiO; = MgSiO; + FeSi,,,O2 (3) 


dDp= 
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Fig. 15. Partitioning of Fe?* and Mg’* between synthetic olivine and orthopyroxene at 900°C, 
0°5 kbar fluid pressure and oxygen fugacity of the quartz -~ fayalite- magnetite buffer (after Medaris, 
1969). Open circles, synthetic assemblages. Heavy continuous line, partition expressed by log 
(x, o/ Xu_)01 =0-1630 + 1°1128 log (Xpe/Xmpopx’ Broken line, equilibrium limits defined by reversal 
runs. 





for which 

108 Krayaive = 13,202 9.77 Oe) (1a) 
10g K olvine-wistieiton = 12,107 _ 2-97 aoe) (2a) 
log. K tolvine-pyroxene =~ orig -28 Eo) (3a) 


The distribution constant, log K, derived from equation (3a), is seen to have only 
a small temperature dependence and thus the Mg- Fe partitioning between olivine 


and pyroxene has little valne ac a centhermoameter 


and pyroxene has little value as a geothermometer. 

Williams (1972) has used the activity- composition relations determined by 
Nafziger and Muan (1967) and Kitayama and Katsura (1968), the temperature 
dependence of olivine-silica-iron assemblage data of Speidel and Nafziger 
(1968) and Williams (1971), and the X-ray data of Fisher and Medaris (1969) on 


the interaction parameters of the solid solutions, to derive an equation from 


which the activity of fayalite can be calculated. The equation: 
log y-, = (1-X;,)7[(1'00- 1690/7 )X,,, - 0°24 + 730/T + 0:0016 P/T} 


has been used to calculate the activity- composition relations for olivines at 1300 
and 900°C at 1 bar and § kbar (Fie. 16). and shows that the olivine solid solution 
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does not deviate greatly from ideality in this pressure-temperature range, and 
that the effect of pressure is smaili. 

Further data, at 1000°C and 1 atm and 30 kbar, on the compositions of syn- 
thetic olivines and orthopyroxenes have been provided by Matsui and Nishizawa 


(1974). On the basis of these and earlier exnerimenta! data these authors conclud- 
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ed that the exchange reaction of Fe and Mg between olivine and orthopyroxene 
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Fig. 16. Calculated activity- composition relations in the fayalite—forsterite solid solution (a) at 
900 °C at 1 bar and 5 kbar (b) at 1300 °C at 1 bar and 5 kbar (after Williams, 1972). 


can be described on the assumption that both phases behave as simple mixtures, 
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Wood (1975) also has concluded that the distribution coefficient is not ap- 
preciably temperature dependent, and that the Fe?*- Mg2* exchange, at least for 
the more magnesium-rich olivine- orthopyroxene pairs, is of little value for 
estimating P- 7 conditions at the time of equilibration. These conclusions are 
based on the construction of simple solution models and experimental 


mined equilibrium data relating to Fe’* and Mg”* partitioning. 
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Regular solution models for Fe?* and Mg?”* distribution in olivine - ortho- 
pyroxene pairs, based on the experimental data of Nafziger and Muan (1967) 
and Larimer (1968) have been discussed by Saxena (1969). 

The absence of an appreciable temperature dependence of the distribution 
coefficient of Fe?* ~Meg?* in the more maonesium-rich olivine-orthonvroxene 
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pairs does not extend throughout the solid solution series. Iron-rich olivine and 
orthopyroxene + quartz assemblages occur in a number of localities, e.g. Biwabik 
(Bonnichsen, 1969) and Gunflint iron formations (Simmons e¢ a/., 1974) and the 
Nain anorthosite massif (Smith, D., 1974), and the three phases constitute a 
divariant association. Whereas in the magnesium part of the series orthopyroxene 
is stable with olivine at all temperatures and pressures below the solidus, at the 
iron-rich end of the series, ferrosilite is unstable at pressures below @ 15 kbar 
(Lindsley, 1965; Smith, D., 1971). 
Consideration of the pressure- temperature section for the reaction: 


Fe2,Si.0, = Fe2SiO, + Si0, 


shows that as the Mg/Fe ratio increases then the minimum pressure at which or- 
thopyroxene becomes stable will decrease from a maximum of & 15 kbar (at 
Mg/Fe = 0) to | bar for a composition at some point in the middle of the solid 


enhatiann cariac 
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The effect of varying Mg/Fe ratios on the reaction: 


(Fe,Mg)2Si.0¢ = (Fe,Mg)2SiO, + SiO, 
has been calculated by Wood (1975) assuming Mg,Fe solid solution to be ideal 


ordered (orthopyroxene) and ideal disordered (olivine). The calculated 
pressure- composition relationships of the three phases at 900°C, together with 
the experimental data, with which there is close agreement, are shown in Fig. 90, 
p. 129. 

The partition of Fe?* between olivine and orthopyroxene in association with 
quartz in iron-rich assemblages thus provides a good geobarometer (see also 
Wood and Strens, 1971), provided an independent estimate of temperature can be 
obtained (see Berg, 1977a, b). 

The equilibrium exchange reaction for the partition of M 
olivine and orthopyroxene, based ona genera al 
tween coexisting single and mult iple- -site ph hases (Grover a 
be expressed: 
2Mg" + (Fe? + Fe!) = 2Fe” + (Mg ™? + Mg"), 


of 


g and Fe?* between 
on 


partitioning be- 


fille, 1969), may 


and 
(Fe! + Mg), = (Fe? + Mg 1), 
(where M denotes cation site of phase in which all cation sites are energetically 
equivalent, i.e. M1 = M2 in olivine). 
Adapting Nafziger and Muan’s experimental data to this model, Grover and 


Orville calculated the theoretical distribution curve assuming olivine to he an 
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ideal solid solution (Fig.17, curve a). Nafziger and Muan’s activity coefficients 
however, indicated a smaii deviation from ideality in the olivine solution and 
these, in conjunction with the assumption that orthopyroxene is an ideal solid 
solution of Fe?* and Mg on both M1 and M2 sites, were used to calculate a se- 


cond distribution curve (Fig. 17, curve b). This displays a considerable departure 


from the experimental distribution data for values of X 9X > 0°65. Further discus- 
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Fig. 17. Distribution of Mg between coexisting olivine and orthopyroxene at 1200°C (after Grover 
and Orville, 1969). Curve (a), theoretical fit according to an ideal one-site- two-site model. Curve (b), 
olivine taken to be non-ideal with activity coefficients determined from the data of Nafziger and 
Muan (1967). Solid circles, experimental data of Nafziger and Muan. 


sion of the partitioning of cations based on the coexisting one-site and two-site 


phase model, and its application to the distribution of Fe’* and Mg in coexisting 
olivine and orthonvroxene§ ic nrovided hy Medaric (19690) Rlander (197N) 
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Mueller et a/. (1970), Saxena (1972), Walker and Rodgers (1974), Grover (1974) 
and Sack (1980). A general treatment of the theory of two-phase external systems 
has been presented by Korzhinskiy (1965), and an algebraic method of deducing 


the quantitative properties of chemical potential gradients in rocks, illustrated by 


tha ramnancitian anf alivine anda arthanuravenes in tha twainhaca accombhlage 
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olivine - orthopyroxene, has been described by Rumble (1976). 

The nickel partition coefficients of olivine- orthopyroxene pairs of the Parik- 
kala gabbro, southeast Finland, have been presented by Hakli (1968), and between 
olivine and orthopyroxene in the metamorphosed layered ‘intrusion’ of the 


Fickea t Greenland Windle nd Smith (107A) 
riskenaesset complex, west Gr ecniand, by W nGiey ana omitn caz 74). 


The distribution of transition elements between olivines and orthopyroxenes in 
dunite and olivine-rich inclusions in basalts (Ross et a/., 1954) showed that for 
DOl/Cpx 


Dy, > Deo? Dyan? Dee 2+ 
(5:2) (2°8) (1°4) (1°2) 


where D_,= concentrations of transition element in olivines/clinopyroxenes, in- 
dicating that for cations of the same charge, ionic radius has a smaller effect than 
crystal-field stabilization energy on the magnitude of the distribution coefficient. 
Other minor element data, for Mn, Cr, Ti and Ni, relating to olivine - ortho- 
pyroxene pairs, as well as the olivine, orthopyroxene, clinopyroxene, garnet 
association, in ultramafic rocks have been given by Mercy and O’Hara (1967), 
and for Ni and Mn between olivine and orthopyroxene in the Twin Sisters dunite 
by Onyeagocha (1978). 
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Olivine- clinopyroxene Fe- Mg partitioning. The thermodynamic data relevant 
to the distribution of Fe and Mg between olivine and Ca-rich clinopyroxene have 
been reviewed by Obata et al. (1974). The partitioning is expressed: 


MgSio.sO2 + CaFeSi2.0¢ = FeSio. 502 + CaMgSi.0¢ 


forsterite hedenbergite _ fayalite diopside 


and the partition coefficient for the exchange reaction defined by: 
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where a is the activity, y the activity coefficient, and K’ the apparent partition 
coefficient, and the relationship between K and K’ is expressed as 


ink = (nk +P - 2x) 


where WO is a thermodynamic parameter dependent on temperature and 
pressure, x = Fe/ (Fe + Mg) ratio of the olivine. Although the temperature 
dependence of fnK°"”°* and W° cannot at present be unambiguously separated, 
by adopting estimated formation temperatures of a number of natural 
assemblages for which Fe and Mg values of coexisting olivine- clinopyroxene 


pairs are available the overall temperature of partitioning may be used as an em- 


eecnnl war the nen Ree tae tor 


pi ical BCOLNCIINUMICLC! (Fig. 10). 

A different approach to the formulation of the geothermometer, based on the 
Fe- Mg exchange reaction between olivine and clinopyroxene, in which 
temperature is calibrated using groundmass olivine and clinopyroxene in lavas for 


which groundmass iron titanium oxide temperatures are available, has been 
presented by Powell and Powell (1974). The same authors have also calculated 
the pressure dependence of the geothermometer, approximately 5°C/kbar, and 
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Fig. 18. Partitioning of Fe?* and Mg?* between olivine and Ca-rich clinopyroxene (after Obata et 
al., 1974). 
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applied their results to compute the equilibration temperature of 


olivine - clinopyroxene pairs in the Skaergaard and Kap Edvard Hoim intrusions, 
east Greenland, and for xenoliths in kimberlites. 
Buchanan (1976) has used the iron- magnesium exchange reaction between 


olivine and clinopyroxene, in conjunction with the compositions of orthopyrox- 
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ene- clinopyroxene pairs (Wood and Banno, 1973) to calculate the minimum 
temperature of crystallization, 950-859°C, for the coexisting olivines and 
clinopyroxenes in the diorites of the Upper Zone in the Bethal area of the 
Bushveld complex. 

The F e-Mg nartition ir 
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garnet clinopyroxenite of the Mt Hig asi- Akaisi area, Japan, has been i in- 
vestigated by Mori and Banno (1973), and the variation in the moiecuiar ratio 
Fe/(Fe + Mg) in coexisting olivines and clinopyroxenes, and olivines and or- 


thopyroxenes, in the ultrabasic xenoliths in the basaltic rocks of Hawaii, by 
White (10646) 


White (1966). 
The partitioning of Mg and Fe between fayalite and hedenbergite, and between 

fayalite and grunerite, in the Biwabik Iron Formation has been investigated by 

Morey ef a/., (1972), and between olivine and tremolite, and olivine and an- 

thophyllite pairs respectively by Trommsdorff and Evans (1972) and Springer 

(107A\ 

(1974). 

Experimentally determined distribution coefficients for olivine-augite and 
olivine-hornbiende pairs, crystallized at 5 kbar water pressure, temperatures 
between 875 and 1000°C and oxygen fugacities defined by quartz-fayalite- 
magnetite and hematite- magnetite buffers, for two tholeiites and an alkali 
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(Helz, 1973). 
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Olivine-spinel. The proportions and compositions of 35 coexisting cumulus 
olivine and chromite pairs from a corresponding number of layers in the 
peridotite member of the ultramafic zone of the Mountain View area of the 
Stillwater complex, Montana, have been determined by Jackson (1969). The 
observed cation fractions display the same general variation, in both direction 
and magnitude, as the theoretical values derived from a simple thermodynamic 
model for the exchange reaction: 


Fe?*Si,/202 + Mg(Cr,Al,Fe**),O.4 => MgSi,,O2 + Fe?*(Cr, Al, Fe*")204 


and support the conclusion that the two minerals constitute an equilibrium 
assemblagve. 


Roce sss Ves 


A correlation between the compositions of the coexisting olivines and 
chromites in the tholeiitic lavas of the 1959 Kilauea Iki and 1965 Makaopuhi, 
eruptions has been reported by Evans and Wright (1972), from which they con- 
cluded that the two phases are in mutual equilibrium. The temperatures of the ap- 
parent equilibria, calculated from the Jackson model are, however, considerably 
in excess of the ‘measured eruption temperatures. Other studies of the partitioning 
of Mg and Fe?’ between olivine and spinel have been presented by Irvine (1965, 
1967), Loney et al. (1971), Medaris (1972, 1975), Himmelberg and Loney (1973), 
Springer (1974), Dick (1977), Sinton (1977), Kurat et a/. (1978), and Frey and 
Prinz ( 1 978). 


Ba 2 858k 


The distribution coefficient for the Fe-Mg exchange between olivine and 
spinel: 
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under conditions of constant temperature and pressure has been shown (Irvine, 
1965) to be also a function of the trivaient cations, Cr, Al and Fe**. Assuming 
ideal solution of the Fe?* and Mg end-members then 


in(Kp)Mefe= nK, + YPinK, + YS. ink; 


where Y;5° is the trivalent cation i in spinel and K,, K2 and K; are equilibrium con- 
stants for the reactions: 


FeSi,,O2 + MgAlI.0O, = Mgsi,,O2 + FeAl.O, (i) 
er on Per oY 1 kr. a? IA a af. f* 1 ae At Lr far 
WIZUT2U4 TT FOCAL, w= POUI2U, T NIZAI2U 4 (a) 
Gaal nm LMcba 1 = MsALN, 4 F294 1\ 
recA, TO MBFC204 = MBALU, T FrE30,4 (5) 

Such an approach has been applied by Basu (1977) to the partitioning of Mg 
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and Fe" between coexisting olivine and spinel, as a function of the content of 


chromium in the spinels in a suite of uitramafic nodules (varying from reiativeiy 
undeformed to highly deformed and recrystallized rocks) in the alkali basalts of 


the San Quintin, Baja California, volcanic field. This is illustrated in a three- 
dimencinnal model (Pia 10)\ the avec af which are Ink OlVSp Yy Sp and Y 3. Dravid. 


GAR IS Ua UU Ug. 2p Ue GACS OF Walitil Gre 21uA Fe? PCr GHU dpe. FEU VIM 
ed the mineral solutions are ideal then the equilibrium at a given temperature 
shouid define a planar surface with slopes of {nK, and énX; on the appropriate 
faces of the model. 





Fig. 19. Olivine-spi distribution coefficient, plotted on the axes In K, OVS? yer, yee , Showing 
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o 
value of £nK; = 4-0, is shown (Fig. 20) projected on the front face of 
inK,,* is the adjusted value of én(Kpci’SP). The position of the 700 and 


2 
isotherms are taken from Evans and Frost’s (1975) empirical data for olivine- 


spinel pairs ina metamorphic chlorite-enstatite- olivine - spinel assemblage, and 
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Fig. 20. Two-dimensional plot, on the front face of Fig. 19, for the olivine-spinel pairs of the San 
Quintin lherzolites (stippled areas); 700 and 1200 °C isotherms from Evans and Frost, 1975 (after 
Basu, 1977). 


1200 °C. The data for the different types of nodules shown in the figure indicate 
that equilibration of the olivine-spinel pairs occurred within a wide range of 
temperature and is also probably related to the degree of deformation. 

Although the olivine-spinel geothermometer adopted by Jackson (1969) has 
given relatively satisfactory temperatures in the case of plutonic rocks, its ap- 
plication, as shown by Evans and Wright (1972), to volcanic rocks leads to 
unreasonably high equilibration temperatures. A refinement of the olivine - spinel 
geothermometer, based in part on more recent thermodynamic data (e.g. Shearer 
and Kleppa, 1973), has been presented by Roeder ef a/. (1979). The revised equa- 
tion: 


T(°K) =a 3480 + B 1018 - y 1720 + 2400 
@ 2°23 + B 2°56 - y 3:08 - 1°47 + 1-987 £nK, 
where 


a = Cr/(Cr+Al+Fe**), 8 = Al/(Cr+Al+Fe>"), y = Fe**/(Cr+Al+Fe**) 


used to construct Fig. 21, leads to realistic temperatures for volcanic rocks (e.g. 
1100 - 1300°C for some Kilauea samples). The temperatures for basic plutonic 
rocks of layered intrusions are, however, considerably lower than those obtained 
from Jackson’s geothermometer, and indicate that re-equilibration of Mg and Fe 
has occurred at temperatures below the solidus. Confirmation that this is a valid 
explanation has been demonstrated by heating to magmatic temperature samples 
of layered intrusions for periods of two days to four weeks. The results of these 
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Fig. 22. Mg/(Mg + Fe?*) ratio in coexisting olivines and spinels from (a) Rhum, (b) Bay of Islands, 
(c) Jimberlana orthocumulates, (d) Jimberlana adcumulate. Solid lines after heating to 1200°C. 
Broken lines, unheated; solid circles, cores; open circles, rims (after Roeder et al., 1979). 


experiments (Fig. 22) showed that the Ma/Fe ratio 
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substantially and those of the olivines decreased, and tha 
of Cr (a), Al (8), Fe>* (y) for the spinels, and Mg/(Mg + Fe?*) fo 
to reasonable liquidus temperatures. 

An experimental calibration of the Fe- Mg partitioning between synthetic and 


natural olivine— cninel naire hac he nracentad by Fujii (197 NN Camnnecitione of 
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the two phases obtained from synthetic mixtures of MgO, FeO, SiO2, Al2O; and 
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MgO, FeO, SiO2, Cr2O;, and mixtures of natural spinels and olivine, Foo9,, ortho- 


pyroxene and clinopyroxene from a spinel !herzolite nodule are plotted in Fig. 
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23 showing the Fe- ‘Mg partition coefficient, ink, * = {nK,-4:0 Ys asa func- 
tion of Y2?. The data were obtained in runs at 1 bar and 15 kbar and the figure il- 
lustrates the pressure dependence of K,. A linear regression obtained from the 
partition data of a number of low temperature olivine- spinel pairs provides a 
useful geothermometer. The calculated and the experimental data are shown in 
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Fig. 24, and lead to the following equations 





3 
tn K, = 0-775 x 19 _ + 0-006 
iC a) 
103 
+ 
InKy = 2-01 x req + 0-003 


From these and the equation fn Kp = {nk, + Y ®énK2 + Yl nk; the following 
relation: ‘ 


= (0° 715x 8 0”) + 0-006 + yer {(2° 01 x 12 0" +0: 003} + 4-0 Y*, is obtained. 


experimental data for the reaction: 
Mg2Si20¢6 + MgAl.O, = a MgAl,Si0O¢ + £25104 


arthanvuroayvene eninel orthopyrox yene olivine 
VE pe SVAVLIAN Oprsiwe waitivyp Pry* WAwsle Wha F Lb 
obtained from mixtures of synthetic olivine, clinopyroxene, orthopyroxene and 
spinel, an nd of these natural phases separated from a spinel lherzolite nodule, at 
pressure of 16-18 kbar and temperature 1000- 1200°C have been given by Mori 


(1977). 
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Fig. 24. Plot of In X, and In K, as a function of 1/7°K. Square, experimental data; solid circle, data 
from Finero complex; open circle, data from Seiad complex from Medaris (1975) (after Fujii, 1977). 


Using his own data and those of MacGregor (1974), Mori constructed geother- 
mometer equations relating 7 (temperature) and K (equilibrium coefficients) for 
each of the above reactions, modifying the curves for the simple systems to fit the 
data from the natural rock systems. 

Equilibration temperatures of between 1000 and 1300 °C obtained from the 


equation for a number of spinel lherzolites are in fair agreement with those 
temperatures estimated from the pyroxene solvus, and from the content of 
aluminium in the clinopyroxenes and orthopyroxene present in the nodules. The 


question as to whether the temperatures so obtained represent equilibration at the 
time of crystallization or are those due to the subsequent effects on the phase 
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chemistry ‘of later exsolution, recrystallization and deformation processes is 
discussed by Mori. 

An empirical calibration of the olivine- spinel geothermometer has also been 
presented by Fabries (1979). The 700°C isotherm, inKoyy i. = 0°81 + 2°54 YEP, 


computed from 32 data points of olivine-spinel pairs in metaperidotites 
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(Medaris, 1975), and the 1200 °C isotherm, inky: =0- 34 + 1:06 Yer (Fig. 25a) is 
based on the data of Evans and Frost (1975), Green er ai. (1972), Mysen and 
Boettcher (1975), and Mori (1977). The intermediate isotherms are constructed in 
proportion to 1/7 on the assumption that AH is independent of temperature. The 


application of this seothermometer to olivine-sninel pairs of a number of 
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ultramafic rocks shows that the Fe-Mg partition coefficients plot linearly ona 
inKp versus Ye? diagram (Fig. 25b), and that the slope of the regression lines 
varies for different intrusions. Samples plotting on the same line can be con- 
sidered to have equilibrated at the same temperature. Equilibration temperatures, 


derived from the geothermometer, for olivine-spinel pairs of neridotites from 
awa WAAAY AAAW wpasawe were wa Pwsismutituny AAW ahh 
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ultramafic complexes and xenoliths in alkali basalts and kimberlites, are il- 
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Fig. 25. (a) Fe-Mg partition coefficients between olivine and spinel as a function of YS?showing 
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for a number of peridotites (after Fabries, 1979). 


lustrated in Fig. 26. The histograms show a maximum frequency of the equilibra- 


tion temperature between 700 and 800°C for the ultramafic complexes, and a 
more even temperature spread, between 700 and 1100°C. with minor peaks at 
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about 750 and 1000°C, for the ultrabasic xenoliths. The temperatures for the 
ultramafic complexes are generally lower than those derived from other geother- 
mometers, e.g. coexisting pyroxenes. These apparent discrepancies are discussed 
by Fabriés with special reference to the data for the Ronda lherzolite complex, 


southern Spain, and the ultramafic xenoliths from San Carlos, Arizona 
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Olivine- garnet. Using the partitioning of Fe/Mg between olivine and garnet as 
expressed by the exchange reaction: 
FeAl, SiO, + MgSi,,O2 = MgAl,, SiO, + FeSi,,O2 


Kawasaki and Matsui (1977) determined the excess free energies of mixing of 
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Fig. 26. Histograms of estimated equilibration temperatures by olivine- spinel geothermometer for 
(a) 119 ultramafic complexes; (b) 77 peridotite xenoliths in basalts and kimberlites (after Fabriés, 
1979), 


olivine and garnet as 2°77 and 2°12kcal/g cation respectively. The value for 
olivine agrees well with that obtained from Fe/Mg partitioning between olivine 
and orthopyroxene (Matsui and Nishizawa, 1974). The olivine-garnet ex- 
periments were carried out at SOkbar and 1000°C and a non-linear regression 
analysis was used for the calculation of the distribution coefficients and the ex- 
cess free energies of mixing. The variation of the distribution coefficient K’ = 
(XE/ AM) (AM: / XP) with composition of the olivine is shown in Fig. 27. 

The temperature and pressure dependence of the Fe- Mg partition coefficient 
between olivine and garnet has been studied by Oka (1978), using starting mix- 
tures of 1:1 ratio by weight olivine, MgssFe12, and garnet, Mg72Fei7Caj1, at 
temperatures between 1000 and 1400°C and pressures of 25 to 30kbar. The 
equilibrium equation for the exchange reaction FeAl,,SiO, + MegSi,,O.= 
MgAIl,, SiO, +FeSi,,O2 is expressed by Oka as: 
fn Sasi =~ (AH* + PAV*)/RT+ AS*/R 


where KOUG! = (Xi./Xug)/(Xpe/ Xing)” 


Fe/Mg 
and AH*, AS*, AV* are the apparent enthalpy, entropy and volume change of 
the exchange reaction and are dependent on the chemical composition of both 
phases. The results of a number of runs are detailed below, 


P(kbar) T(°C) Garnet Olivine 

Xe Xuig xX, Ca Xye/Xmg Xe Xmg Xye/Xmg K, Fe/Ma 
30 1000 0°0736 0°813 0-114 0-090 0°0423 0°958 0°0443 2°04 
30 1100 0:206 0°728 0:066 0°283 07131 0°864 0-152 1°86 
25 1200 0°172 0°709 0°120 0°242 0°140 0-860 0°159 1°53 
25 1300 0°174 0°716 O°111 0°243 07139 0°860 0°160 1°52 
30 1400 0°164 0°733 0:103 0°224 0°136 §=©0°861 0°158 1:42 


and the temperature dependence of £nX’ is plotted in Fig. 28a which shows the 
correlation between {nK° and 1/7. From this relationship, combined with the 
equilibrium equation for the reaction, the values AH** = 3:06 kcal, AS** = -1°33 
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Fig. 27. (a) Distribution of the Fe?* and Mg?* between olivine and garnet at 1100°C and 50 kbar. 
Open circles, observed composition. Curve calculated (see text). (b) Relation between apparent 
equilibrium coefficient K’ and composition of olivine. Open circles, observed vaiues. Curve calculated 
(after Kawasaki and Matsui, 1977). 


cal/deg and AV = -10°5 cal/kbar are obtained. These parameters have been used 
to construct the P- 7 diagram (Fig. 28b) from the equation: 


T= (AH** + PAV**)/AS** - R In Kove 


Fe/Mg. 
Application of the above results to olivines in lherzolite nodules in kimberlites 


fram Thaha Pirtcne TLecothn taking account of the effect of chromium in the 
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~ garnet, and using also garnet- orthopyroxene geobarometry, gave estimated T 
and P as 975°C and 4Skbar. P-T values for granular lherzolites and 
~ harzburgites from other kimberlites were similarly estimated. 
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Fig. 28 .& Temperature dependence of Fe- Mg partition coefficient between, olivine and garnet, 
In K'GY fe/Me versus 1/T (°K) x 10‘, (after Oka, 1978). (b) Variation of KGYO! with pressure and 
temperature. Boxed numbers are experimentally determined values (after Oka, 1978). 


The variation of the distribution coefficient, Kp = (XY, Mi “re )/ Amie! Xte)s with 
temperature and the Mg/Fe ratio in the calcium-free system at 30 kbar ( (Fig. 29a) 
has been determined by O’Neill (1978). The effect of calcium in compositions 
with a Mg/(Mg + Fe’*) ratio of 0-9 has also been studied by O’Neill the data of 


which, together with those for the lherzolite nodules from the Thaba Putsoa 


kimberlite (Nixon and Boyd, 197 3) are shown in Fig. 29b. The granular lherzolite 


and sheared lherzolites have 30 kbar equivalent temperatures of 900-1000 °C 


and 1300 - 1500°C respectively. Provided the pressure of equilibration can be ob- 
tained independently, the temperatures may be corrected from the relationship: 


+( jf avcaP \ 
\3% RF) 


where AV 8 is the sum of the molar volumes of the exchange reaction. 


inKp (P) = £nKp (30) 
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Fig. 29. (a) Variation of In K,,= (X, XP"). (XSUX Gi) with temperature and magnesium content of 
olivine at 30 kbar in calcium-free system “(after r ONG, 1978). (b) The effect of calcium on the 
distribution coefficient for a Mg/(Mg + Fe?*) ratio of 0-9. Stippled area A, granular garnet lherzolite 
nodules; area B, sheared garnet lherzolite nodules, Thaba Putsoa kimberlite (Nixon and Boyd, 1973) 
(after O’ Neill, 1978). 


The partitioning of Fe,Mg between coexisting olivine and garnet in the system 
MgO-FeO-Al,0O;-SiO, has been determined (O’Neill and Wood, 1979) in the 
temperature range 900 to 1400°C at 30kbar. The data show that the partition 
coefficient, K, = (Fe/Mg)“'/(Fe/Mg)°, is strongly dependent on the Fe/Mg ratio 
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as well as on temperature (Fig. 30). The effect of the addition of the 


Ca;3Ai.Si,;0,2 component of the garnet phase, for a bulk Mg/(Mg + Fe) ratio of 
2 0°9, on the partition coefficient has also been studied by O’Neill and Wood, 
and their data (Fig. 31) show that an increase (at 1000°C) in the mole fraction of 


calcium from 0 to 0:3 increases the nartition coefficient from 1:9 to about 2°5, 
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The observed temperature and composition dependence of the partition coeffi- 


cient has been used by O’Neiii and Wood to formuiate the equation: 


no svGr WGI} 4139497 Vor 
TK) =—— Me “AFe) T LIF! Aca 
InK, + 0°357 
0.7 
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xPte 
Fig. 30. Variation of Kp) = (Fe/Mg)“'/(Fe/Mg)©! with the Fe/Mg ratio of olivine in the system 
MgO - FeO - Ai, 0; -SiO, at 30 kbar and temperatures of 1000, 1100, 1200, 1300 and 1400°C (after 


O’ Neill and Wood, 1979). 


| 
InKp L a 71 





r Me/(Mg-Fe)=0 
a 
0.3 0.1 0.2 0.3 
Gt 
x Ca 


Fig. 31. Dependence of K,)= (Fe/Mg)“'/(Fe/Mg)" on the calcium content of the garnet at 30 kbar 
for a buik composition Mg/(Mg + Fe) ratio > 0°9 (after O’ Neill and Wood, 1979). 
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For magnesium- rich bulk compositions, olivine- garnet pairs for which K, is 
substantially greater than unity, and temperatures below about 1300°C, yield ac- 
curate, + 60°C, equilibrium temperatures. 

High pressure experiments to determine the Fe- Mg partition between olivine 


and garnet in two svnthetic ultramafic comnositions and mixes of natural olivine 
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garnet, orthopyroxene and clinopyroxene at pressures and temperatures between 
30 and 40 kbar and 950 and 1500°C respectively have been reported by Mori and 
Green (1978). Their equations, obtained from linear regression analysis of the 


data include: 
Ink SO! = 900/ TU K) + 0:09 


a. POWCox. = ANN / TOV. 7431 
inA PX = 400/ 7 (HK) Zi 
ana their awanlinatinn tno na trreanl et Th nee nlitn inch isions in kimberlite from 
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& 
Lesotho and Montana show that the granular lherzolites crystallized a 
temperatures of less than 1100°C, in contrast to the considerably higher 
temperature of some of the sheared lherzolites. 


The contents of Na, K, P and Ti in the olivines and coexisting garnets a and 
pyroxenes in the peridotite xenoliths of some African kimberlites are given by 


Bishop ef al. (1978). 


Olivine - liquid partitioning. The partitioning of Mg and of the transition metal 
ions between olivine and liquid has been studied in both natural rock and simple 
synthetic systems, and the data have been applied to estimate temperatures of 


olivine-hearing magmas 
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The distribution of iron and magnesium between olivine and silicate liquid 
may be expressed by the reactions: 
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2 FeO (liquid) + SiO, (liquid) = Fe,SiO~z (olivine) 


2 MgO (liquid) + SiO, (liquid) = Mg.SiO, (olivine) 
when the form of the equilibrium constants is 


Kia = qa ol / (@ nia)? aio") 


F a7 SiO, 


or by the reaction: 

Mg,SiO, (olivine) + 2 FeO (liquid) = Fe2SiO, (olivine) + 2 MgO (liquid) 
when 

K, = KoVLia = (FeO/MgO)'/(FeO/MgO)"9 [mol. ratios] 


D Fe/Mg 

(An account of the theory of olivine-silicate liquid partitioning is given by 
Longhi et al., 1978.) 

The equilibria between olivine and liquids of natural basaltic compositions 


awaen Fient tinuwactinqataA tha tamnmnaratura randga 114N_ 1300 om with avvugen 
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fugacities between 10~°°** and 107'? atm at a total pressure of 1 atm, by Roeder 
and Emslie (1970). Ag); was found to be independent of temperature between 
1000 and 1400°C with a value of 0°30, and these authors suggested that the 
olivine composition may be used to determine the Mg : Fe”* ratio of the coexisting 


ad alt native tha iti af tha ahivina i ineaqu ils brium with a liquid 
liquid, or aiter natively the composinion | oO CAL VALV ALIN 11h YUU woTliumM wilh a any 


can be determined if the latter’s Mg : Fe?* ratio is known. 
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The dependence of the olivine composition on that of the liquid is shown 
graphically in Fig. 32 in which the isothermal lines represent olivine liquidus 
(saturation) surfaces, and the lines of constant olivine composition are drawn 
from the experimentally determined Ky value. The use of the diagram may be il- 


lietratad hu coneciderina linnid af camnacitinn XY with 19 and 14 mal ner cant 
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MgO and FeO respectively. Such a liquid is in equilibrium with olivine at 1200°C, 
and provided olivine is the first phase to crystailize the liquidus temperature is 
1200°C and the first olivine to crystallize will have the composition Fo7o. Initial 


crystallization of a phase containing neither Fe nor Mg at a temperature above 


LINNIPO anll ineraaca hath Mia andA Rafi in the Hanid ahavea VY and will laad ta 
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the crystallization of olivine at a temperature of about 1200 °C; the composition 
liquid is supersaturated with respect to olivine of composition Fo7». Thus provid- 
ed olivine is the first phase to crystallize and the bulk composition of the rock is 
bnawn the figura ran he resd tn actimata tha olivin mrnnetinn and th 
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temperature of equilibrium crystallization. 
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Fig. 32. Olivine saturation surface as determined by MgO and FeO mol. per cent in the liquid (after 
Roeder and Emslie, 1970). 


More recently Roeder (1974) found that Kp 
significant changes in the amounts of other components in the liquid. Thus 
although increasing amounts of alkalis and alumina tend to decrease the solubili- 
ty of MgO and FeO in the liquid relative to olivine, both oxides are affected in the 


same direction and the MgO: FeO ratio remains the same and thus the distribu- 


tian cnefficiant far Mat and Fed~ hatweoan oalivina and hanid ie nnchangead Cam. 
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bination of additional experimental data for 19 olivine-liquid pairs with the 
earlier results of Roeder and Emslie (1970), gives the following empirical equa- 
tions (Roeder, 1974): 
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The distribution of Fe-Mg between olivine and liquid has been used by Mysen 
(1975) ) to evaluate whether natural silicate liquids at the time of their development 
were in equilibrium with the presumed composition of the olivine in the mantle. 


A spinel peridotite nodule from a nephelinite tuff, Salt Lake Crater, Hawaii, 


was used as the starting material by Mvysen. and runs made at nressures of 
wau MUWVNse OU eb Waa vase, BAU LWA £0648 vy VET UWwaky WeeeN FR AEE UE PA we OW 


10-25 kbar, and temperatures between 950 and 1200°C, with log Jo, and log fi, 
varying from -13°42 to -4°47 and 4°32 to -0°10 respectively. The data are 
presented graphically in Fig. 33a and show that increasing oxygen fugacity leads 
to a marked non-linear decrease in Mg/(Mg +2Fe) in the liquid and a small in- 


crease in the forsterite content of the coexisting r residual olivine. The effects of 


aaa 


oxygen fugacity, pressure and temperature on the distribution coefficient 
p= (Xsr0 / Xugoo"™ (Xu50 / X spe)" 
are illustrated in Fig. 33b, c, d. 
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Fig. 33. (a) Variation of Me/(Mg + 2Fe) of liquid and residual olivine phase of eridotite + H,0° as 


a runcuon of fy, at 1050 °C and 15 kbar. (b) Variation of K D = (XxFe0/Xmgo) "(Xvig0’ Xsre0" 
with oxygen fugacity, (c) with pressure, (d) with temperature, (after Mysen, 1975), 
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The possible loss of Fe to the platinum or sliver- palladium capsules used in 
the determination of phase equilibria in iron-bearing systems has been discussed 
by Coons et al. (1976), and these authors suggested using Co?* as a chemical 
analogue for Fe”*. Their application of this analogue method to the 1921 Kilauea 


basalt composition shows that the appearance of the phases and the geometry of 


CARRE WRAP E UREA GRANT CREE SAB CP PG GEE WA FEEY PP EAGOWO GAENE LEE BWV EAE y 


the phase boundary curves, both with and without substituting Co?* for Fe** ona 
molar basis, are essentially the same, except for a systematic shift of the stability 
fields of about +50 °C in the cobalt system. 

Olivine-melt equilibria at Okbar, for olivine (Fog9-Fogs,4)-melt pairs 


crystallized from the quenched p pillow rim of a primitive tholeiitic basalt from Mt 


Pluto, FAMOUS area of the Mid-Atlantic Ridge, have been determined by 


Bender ef ai. (1978). The distribution coefficients for MgO and FeO give the 
equations: 


log K’, = log X°'/X 18 = 3112/T °K- 1-468 (1) 
log K’, = log X, 70) O1/X Lia. = 4783/T °K-3:147 (2) 


(FeO*, total iron as FeO). The change in the distribution coefficient, Kp as a 


function of temperature and composition (Roeder and Emslie, 1970) can, by sub- 
traction of equation (1) from equation (2), be expressed: 


log K’p = log XX tay Xta X01 = 1671/T°K - 1°679 


Extrapolation of the data obtained in the temperature range, 1268-1205°C 
shows that K p changes from 0°34 at 1100°C to 0°24 at 1300°C. The slope of K’p 
(FeO) versus 1/T (Fig. 34) is steeper than that obtained by Roeder and Emslie 
(1970), but is in greater agreement with the data obtained from Apollo 17 mare 
basalts b DY Green, Ringwood et al. (1975). Although Roeder and Emslie con- 
sidered the change in Kp as a function of temperature to be very small, Bender ef 
al, are of the opinion that their observed variation is mainly the result of the 
temperature change. At high pressure the liquidus olivine was found to be more 
iron-rich, i.e. Foss. o at Okbar, 1286 °C; Fos?. 8 at 10kbar, 1290°C, ‘resulting i ina 
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systematic Ie Case in ND with pressure rio 0: 27 al U Koval and 1268 uv, lu 0: 31 
at 10kbar, 1290°C. 

The partitioning of Fe?* and Mg between host olivine and trapped melt in 
lunar mare basalts (Weiblen and Roedder, 1976) shows a wide range, 0°061 to 
1°484, in the value of the distribution coefficient, Kp = (FeO/MgOyn x 
(MgO/FeO) ™*" inclusion. The wide range may be related in part to different cooling 
rates, and particularly those values significantly less than 0°3 may reflect varying 
degrees of crystallization of olivine on the surface of the trapped melt that would 
lead to an increase in the iron content of the melt inclusion and a high Mg/Fe 
ratio in the olivine. 

The Fe and Mg distribution between Stee o ng olivine and lunar basaltic li- 
quids, obtained by equilibrium partial melting of low- and high-Ti lunar basalts, 
has been studied by Longhi et a/. (1978). Log Ko at and Log K ?/""9 are approx- 
imately linear functions of inverse temperatur re. and the exchange coefficient, 
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Kove is nearly independent of temperature an nd of composition within each of 
the two individual magma groups (Fig. 35). The average Kp value, 0°33 for the 
low-Ti basalts is close to Roeder and Emslie’s (1970) average of 0°30 for olivines 
of terrestrial basalts (Fig. 36). The effect of pressures below 5 kbar on the Fe and 
Mg distribution is negligible but a significant increase from 0°32 to 0°36 was 


found to occur at 12:5 kbar. Thus olivine coexisting with a given silicate liquid at 
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Fig. 34. Log ratio of MgO and FeO (mol. % oxide) between olivine and liquid as a function of 
temperature at 1 atm (solid lines) and 6, 8 and 10 kbar (after Bender et ai., 1978). 
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Fig. 35. Log KOVU9 and KOUG'" as functions of 1/7(°K). (a) Low-Ti lunar basalts; broken lines, 


from Roeder and *E mslie’ ’s ( 1970) equations for terrestrial compositions. (b) Higzh-Ti lunar basalts 
(after Longhi et al., 1978). 
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Fig. 36. Fe-Mg exchange relations between olivine and lunar basaltic liquid. K,,= 0°33 ts average 
value of low Ti-basalts. (open circles) K,, = 0°30, average value for terrestrial basalts (solid circles) 
(Roeder, 1974) (after Longhi ef al., 1978). 


high pressure is more iron-rich than at low pressure. Even this 
relatively small; a liquid with Fe, = 0°5 and Ke= 0°32 giving Fe,, = 0: 242 while 
for Kp = 0°36, Fe,, is 0-265. 

The effects of temperature, pressure and melt composition on the distribution 
of Mg between olivine and silicate melt, based on an analysis of the experimental 
data in synthetic systems and natural basaltic liquids, particularly in relation to 


the degree of polymerization i in the melt structure and | the energetics of site oc- 
Ccupaiicy in olivine, have been examined by Leeman (197 8). His conclusions are 
that K,,, increases with pressure, decreases with increasing temperature, and that 
only small variations are associated with compositional changes in individual 
magma groups, e.g. tholeiitic basalts and lunar basalts, at constant pressure and 
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temperature. 

These data were considered by Hart and Davis (1978) in relation to the origin 
of tholeiitic suites, and led them to suggest that such rock series are unlikely to 
have been derived by the fractional crystallization of olivine from liquids of 
picritic composition. The validity of applying the distribution data, determined 
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experimentally i in the synthetic system, has been discussed by Clarke and O’Hara 
(1979), and by Elthon and Ridley (1979b). 
The pressure- temperature conditions at which magma of a given activity of 


water at its liquidus could equilibrate with an olivine (and orthopyroxene) mantle 


8 
o 


ffect, however, is 
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calculated ‘by. De Paolo (1979). The results, based on thermodynamic modelling, 
are presented in petrogenetic P- 7 grids for anhydrous magmas and magmas con- 
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taining 2°5 and 25 per cent H2O respectively. The data show that the pressure at 
which a given magmatic composition can equilibrate with olivine (and ortho- 
pyroxene) increases as the amount of dissolved water in the magma increases 
with depth, and are in good agreement with the results of experimental studies, 
e.g. Green (1971) and Brey and Green (1977). 

The calcium contents of 31 olivines coexisting with Na,O-CaO- 
MgO- Al,0;-SiO2 melts at 1 atm and between 1250 and 1450 °C (Watson, 1979) 
show that the concentration of calcium in olivine is a linear function of the 
calcium concentration in the liquid (Fig. 37) and is given by: 


Ca | (olivine, wt. %) = 0°0275 Ca (liquid) + 0°004 3 (1) 
and the molar ratio of oxides by: 
In K, = 1-487 x 10* T' (°K) + 4:235 (2) 


where Kp = molar (CaO/MgO) olivine/molar (CaO/MgoO) liquid. Although these 
results relate to an iron-free system, equation (1) yields realistic values of the 
calcium c concentr ation for olivines o of gener ral basaltic c composition; om -E- olivines 
in equilibrium with alkali basalt liquids (8-10 wt. per cent CaO) would be ex- 
pected to contain between some 0°16 to 0°20 wt. per cent calcium. The predicted 
concentration of calcium in olivines of melilite-bearing mafic intrusive rocks is, 
however, considerably less than that observed. Nevertheless the data can be used 
anata uwhathane al: hac an: len tnA om hace lines: wmncok 


to indicate Whocuier olivine las equilibrated with the LIUSLt liquid, and possibly in 
some cases to distinguish between cumulate and non-cumulate olivine. 
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Fig. 37. (a) Calcium content of olivine as a function of Ca concentration in the coexisting liquid. (b) 
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in K,, versus reciprocai absoiuie temperature. K, = moiar (Ca0/MgO)** ¢/moiar (CaO/MgOy"*** 
(after Watson, 1979). 


The partition coefficients (wt. ratio C \e"/Cai, = K Yapeuv!) for cerium, 
samarium and thulium for olivine in equilibrium with H.O-rich vapour in the 
pressure range between 10 and 40 kbar at 1100°C have been determined by Mysen 


(1978a, 1979a). The partition coefficients vary with the atomic number of the rare 
earth element but Ce, Sm and Tm are each partitioned into the H,O-rich vapour 
relative to olivine. There is a strong pressure dependence of K p37° (a similar 
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dependency is shown by orthopyroxene, clinopyroxene and garnet and coexisting 
H.20-rich vapour). The value of the partition coefficient increases rapidly with 
pressure (Fig. 38a); thus a water-rich fluid in the upper mantle would constitute a 
major sink for the rare earth elements. 


eye 
Partitinn coefficients far Cea Sm and Tm hetween olivine and hydrone cilicate 
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melt at temperatures and pressures between 950 and 1075°C and 10 and 25 kbar 
respectively have also been determined by Mysen (1978b). The crystal - liquid par- 
tition coefficient of samarium between coexisting olivine and hydrous 
haplobasaltic liquid remains constant for a limited concentration range of Sm in 


alivine at differant nraccurac and temperatures (Fig 38b). The cancentratinan 
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Fig. 38. (a) Pressure dependence of K420/<r! for olivine at 1100°C (after Mysen, 1978, a, b). (b) 
Olivine - liquid partition of coexisting olivine and liquid as a function of the samarium content of the 
liquid (after Mysen, 1978a). 
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range over which the partitioning remains constant increases with increasing 
temperature, but the rate of change of the partition coefficient, as a function of 
the Sm content, is slower the higher the temperature. Consideration of the data 
relating to coexisting Olivine, orthopyroxene and liquid (K, for olivine and ortho- 


pyroxene deviate from constant values at different Sm concentrations in the li- 


quid) shows that the deviation from a constant K QV'"9 value is due to the solubili- 
ty behaviour of samarium in olivine and not in the coexisting liquid. 
The distribution of Fe’* and Mg2* between olivine and a 2 M salt solution (Mg- 


Cl., Fe Cl2) under hydrothermal conditions at 1 kbar pressure in the temperature 


° 
range 450 to 650°C has been determined b oy Schulien et al. (1970). The distribu- 


tion coefficient K = (Mg/Fe)?!":/ (Mg/ Fe) varies from 0-076 at 650°C to 0°214 
at 500°C. At lower temperature there is a marked departure from ideal solid solu- 
tion and the 450°C distribution curve (Fig. 39) shows that there is some decom- 
position of the solid solution into two olivines of different composition. 


Th Fart Ff tha f t t f hl ¢ 
The effects of the fractionation of variable proportions of olivine and molten 


sulphide from komatite and ocean-ridge basalt magmas, have been investigated 
by Duke and Naldrett (1978) and Duke (1979), using a numerical model. 
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Fig. 39. Distribution of Mg?* and Fe?*between olivine and a 2 M salt solution (after Schulien ef ai., 
1970). 


Partition of nickel and other transition metals. Because of the importance of 
olivine in igneous processes, both in relation to the formation of magmas by par- 
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tial melting i in tne uppel mantie, ana ww ito uUIt Lil magmatic LLavuUVvilallvuil, the 
partition of nickel between olivine and magmatic melts is regarded by some 
authors as an important petrogenetic indicator. The nickel partition data are, 
however, controversial and investigations have shown the partition of nickel be- 
tween olivine and | liquid | to be variously dependent on temperature, pressure, bulk 
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composition, and on the nickel VLOTILOLIL of ovine in the abundance LALLEL Or 


nickel in magmatic olivines. 
During the crystallization of basic magmas most of the Ni is incorporated in 
the magnesium-rich olivines, and Wager and Mitchell (1951) demonstrated that 


nickel relative to magnesium shows a greater tendency to enter the olivine com- 


position. This relationship is not in accord with the lower melting point of 


Ni2SiO, (1620 °C) compared with that of Mg2SiO, (1890 °C), and in the system 
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Mg 28i04- Ni2SiO, the early olivine crystals have lower Ni: Mg ratios than the li- 


quids with which they are in equilibrium. This contrast in the behaviour of Ni be- 
tween natural and synthetic Mg2SiO4-Ni2.SiO, systems was ascribed by 
Ringwood (1956b) to the entry of nickel into the olivine structure in excess of the 


magmatic Mg:Ni ratio due to the presence of iron in natural olivines which 


magmatic Mg:Ni ratio due to the presence of iron in natural olivines 
lowers the thermal stability, the nickel going into the structure replacing iron 
rather than replacing magnesium. 

The behaviour of nickel was subsequently attributed (Burns, 1970) to the 
presence of a high proportion of octahedrally coordinated sites in more basic 


maecmas in which Ni, due to its high octahedral site preference energy, can be ac- 
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commodated. Thus the octahedral site preference for the transition metals in the 
olivines of the 1959 Kilauea Iki, Hawaii, lava series (Gunn, 1971) was found to be 
in the order Ni > Mg > Co > Fe > Mn > Zn, and the corresponding values of the 


partition coefficients, R?* (olivine)/R* (liquid), to be Ni 10, Mg 4°5, Co 3:0, Fe 
Mn 1-ON and Zn 0°08 (cae alen Tahle 17 and HMendercon and Nale 1070 onthe 


1-1, Mn 1:0 and Zn 0:95 (see also Table 17 and Henderson and Dale, 1970, on the 
partitioning of the transition metals between the olivines and groundmass of 
oceanic basalts). 

The possibility that the iron content of natural olivines may reverse the trend 
of the synthetic Mg2SiO.- Ni2SiO, series has been investigated by Irvine and 


Ba__Nit ly th h th 
Kushiro (1976). From a mix of composition Fo39Fa;7Ni-olivine,;, although the 


olivines were found to be richer in Ni than the liquid (D = 1°73 (1600 °C) and 1°35 
(1550 °C)), they were still more Mg-rich so that the liquids had higher Ni/Mg 
ratios than the olivine (K, = 0°61 (1600 °C) and 0:49 (1550°C)). 

The suggestion of Burns and Fyfe (1966a, b) that the characteristic partitioning 


ta th aft t ha 
of Ni between olivine and liquid may be due to the presence of a greater number 


of octahedral sites in olivine melts than in basaltic magmas due to the higher con- 
tents of silica, alumina and alkalis of the latter has also been evaluated by Irvine 
and Kushiro. Using starting materials consisting of 1:1 Mg2SiO, and Ni 
forsterite (containing 4 wt. per cent NiO as Ni2SiO.), in combination with varying 


proportions of K,0: 6Si02, they found that D = (Ni in olivine)/ ( (Ni in liquid) was 


greater than unity in all runs, and that Kp = (Ni/Mg)°'/(Ni/Mg)“4, varied be- 
tween 0°8 and 6°0, both coefficients increasing as the melt becomes richer in silica 
and alkalis, indicating that the partitioning of Ni-Mg between olivine and 
magmatic liquid may indeed be controlled in part by the amount of silica and 


. 
1Q°7A\ 
is in the melt (see also Irvine, 1974). 








Table 17, Apparent olivine/liquid distribution coefficients (after Leeman and Scheidegger, 1977) 
1 2 3 4 5 6 7 8 
Puig 6°10 4°62 5°55 —_ 5°44 6°97 7°00 4°38 
Dy, 1°34 1°48 1°31 1°53 1°34 1°87 1:80 1:27 
Duin 0°94 1-12 1-00 0°33 1-0 14 1-67 0°73 
Dy, 17:0 1371 13:2 14°8 14-9 21°7 _~ — 
Do, 3°49 _ — 3-24 3°24 4d] 4-19 2:78 
Deo, 2°92 _ — 1°23 2°70 1°65 3°06 1:06 
D. 0°15 _ — O15 0°14 0:14 0°22 0°18 
Dy, 0°024 _ —_ 0°012 0°020 0017. = 0°022 0:019 
Dyn 0°015 _ — 0-003 0-009 0-009 0-009 0-009 
Do, 0°034 —_ — 0°027 0°03) 0°020 0:039 0°036 
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Kilauea Iki, 1959 eruption. 

Mauna Loa, prehistoric summit eruption. 
McKinney basalt, pillow lava. 

Lunar crater field, basanitoid flow. 
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The relationship between crystallization temperatures and nickel partition of 
olivine and clinopyroxene, olivine and glass (liquid), and clinopyroxene and 
glass, collected at temperatures between 1050 and 1160°C, during the crystalliza- 
tion of the tholeiitic basalt of the Makaopuhi lava lake, Hawaii, has been in- 
vestigated by Hakli and Wright (1967). The Ni concentrations of the three coex- 
isting phases and their partition coefficients are detailed in Table 18. The linear 
variation of the plots of the partition coefficients versus 1/7(°K) (Fig. 40) in- 
dicate that the nickel fractionation among the three phases is consistent with the 
distribution law: 


{nK=AH/RT+B 


where AH is the difference between the heats of solution of Ni in two coexisting 
phases, and B is an integration constant, the values of which, computed from Fig 
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40, are nickel(olivine)/ nickel(pyroxene) AH (cal/mol)-16°80, B 7°65, 

nickel(olivine)/nickel(giass)A H + 7°40, B 0°03. Because the slope of K =nickel 
(olivine)/nickel(pyroxene) is steep the distribution coefficient is a useful geother- 
mometer. In applying the geothermometer to other rocks, however, the possible 
effects of total and water pressures and the activities of other components, as well 
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as possible subsolidus re- equilibration, cannot be ignored. Moreover the 
temperature and Mg/{(Mg + Fe) ratio in the Makaopuhi samples varied in- 
dependently and, as Irvine and Kushiro (1976) have shown, the partition coeffi- 
cient K Qi'''9 decreases with increasing Mg/(Mg + Fe) in the two phases (see also 
Mysen, 1976a, 1978c; Hart and Davis, 1978). 


—j 


able 18. Nickel and magnesium contents and 


8 nar r 
glass, Makaopuhi lava lake (after Hakli and Wright, 1967) 








Temp. (°C) Ni (ppm) MgO (wt. %) Partition coefficients oval 
Oliv Cpx Glass Oliv Glass (Ni)°!'7/(Ni)G! (Ni)OY(Ni)©?* (Ni)°P2/(Ni)e! ANi/Mg 
1160 1555 255 118 39°24 8-2 13°5 6:10 2:22 2:8 
1120 1310 245 87 36:60 6:3 15-1 5°35 2°82 2-6 
1075 955 240 60 32:17 4:0 15-9 3-98 4-00 2-0 
1070 935 235 57 — 42 16°4 3:98 4:12 — 
1050 840 220 50 — 1:9 16°8 383 4:40 — 
Th latinn ha neeerneen on lierte nn plimnmeenewanme nirnba Setesrhk ffi 


ane re.avuon ship between olivine- clinopyroxene nickel distribution coeffi- 
cients and t temperature, derived from the Makaopuhi basalt, has been used to 
estimate the crystallization temperatures of the units of the Parikkala gabbro in- 
trusive, Finland (Hakli, 1968). The distribution of nickel for 33 coexisting 


olivine - augite pairs is essentially linear indicating an equilibrated partitioning of 
nickel between the two phases and gives relative model temperatures ranging 
from 1170°C for the ultrabasic to 870°C for the quartz diorite member of the 
complex. Also presented by Hakli are data relating to the Ni contents of the coex- 
isting Olivine, augite, orthopyroxene and hornblende from ten samples from the 
intrusion, together with the model temperatures of crystallization calculated from 
the partition coefficients of the olivine~ augite pair. 

Values of the Ni partition coefficient within the range of those obtained for the 
Makaopuhi basalt (Fig. 40), i.e. 
RNa = (NiO/MgO)"'/(NiO/MgO)™8™ = 2:0, 2°3, 2°6 
in conjunction with the Fe-Mg exchange partition coefficient between basalt 
magma and olivine (Roeder and Emslie, 1970) 


Olivine Group: Olivine 81 


olivine/ glass 


ae 


In K 


| \ ee clinopyroxene 


erent 


0.8 0.7 1000/T 


Fig. 40. Relationship between temperature and Ni distribution coefficients for olivine - glass, pyrox- 
ene- glass, and olivine- clinopyroxene pairs in the Makaopuhi lava lake (after Hakli, and Wright, 
1967). 


K' Pe Mee = (FeO/Mg0O)'/(FeO/MgOjymm = 0°3, 
has been 


use } 
basaltic ma agmas, and as a ‘criterion fo r the i entification of pri 
magmas. The representative Ni content, 0°4 wt. per cent NiOd,7 ana content of 
Mg2SiO,, 90 mol. per cent used in the computation, are obtained from the fre- 
quency maxima of the compositions of olivines of potential source rocks, or the 
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residues of partial melting in the upper mantle, viz. peridotite nodules in 
kimberlite pipes, lherzolite inclusions» in basaltic rocks and some alpine-type 
peridotites. 


The preferential entry of nickel into olivine in relation to the associated pyrox- 


enes, as well as the concentration of nickel in the earlier olivines of the Noril’sk 
gabbro-diabase differentiated intrusion, have been reported by Genkin et al. 


(1963). 

The relationship between the nickel and iron contents in olivines is 
characteristically inverse as, for example, is shown by the xenocrystal and 
cognate zoned phenocrysts, microphenocrysts and groundmass olivines in the 
alkali olivine basalts of Ross Island, Antarctica (Forbes and Banno 1966). 
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A redistribution of Ni, as well as Cr and Co, in the dunitic (Fo9s- F090) rocks 
of the Kytlym massif, Urals, associated with their metasomatic replacement by 
metadunite (FOo9- Fogo) has been noted by Yefimov and Ivanova (1963). The 


es 


contents of Ni, Cr and Co display a progressive decrease, Ni from 2 0°25 to 0° 05 
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AR + : 
NTU, with IMAI CASTLE Intensity of the IMlasSVINALIL, which Is also accompanied 


by an increase in the Fe/Ni, Fe/Cr and Fe/Mg ratios (see also Zolotukhin, 1965). 


The nickel partition coefficient, K°”Lia (= CQ}/CL'9), and the magnesium- 
normalized partition coefficient, DOVlia = (Ni/Mg)°! /(Ni/Mg}“9, have been 
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determined by Mysen (1978c) "for compositions in the system forsterite - 





82 Orthosilicates 
> 2000 FF 8000 or 
& 
= 1600} yo | amt a 
zl | mR 
Z 2nn 
a ovy 
ee ee le | 
- 0 o@ uu. 1. 1. . J 
1000 2000 3000 40000 80000 
Olivine Ni (p.p.m.) Olivine Ni (p.p.m.) 
(a) (b) 
800 rCté<—t~sSs™sSSY 

E coo | 
a 
5 / 
a 
s | a | 
gL 
J gk 

1000 2000 3000 4000 5000 

Olivine Ni (p.p.m.) 

(c) 

Fig. 41. (a) Nickel partitioning between olivine and liquid at 20 kbar and 1025°C. (b) At 20 kbar 


and 1075 °C. (c) At 10 kbar and 1075 °C (after Mysen, 1978c). 


plagioclase (AbsoAnso)-Silica- water at pressures of 10, 15 and 20 kbar, 
temperatures in the range 1000 to 1075 °C, and with oxygen fugacity close to the 
magnetite- hematite buffer. The data of the nickel partitioning between olivine 
and the water-saturated liquid at three sets of pressure and temperature ! for the 
composition Fo 43, plagioclase 50, SiO. 7 wt. per cent are illustrated in Fig. 41. 

The data fall on a straight line passing through the origin up to a nickel concen- 
tration in the olivine of about 1000 p.p.m. In this nickel concentration range 
K!/Uia ig 15-5 + 0°7 and the solution mechanism in both phases is presumably in 


accordance with Henry’ s law. At higher Ni concentrations the partition deviates 
from the ideal solution law. A similar value of K°!"‘9(= 14-7) for a bulk starting 
composition, Fo 16, plagioclase (Abs 9Anso) 82, SiOz 2 wt. per cent demonstrated 
that the effect of the composition of the liquid on the partition appears to be 
small. The magnesium-normalized partition coefficient at various pressures and 


temperatures (Fig. 42a, b) shows that the concentration range, in which the 
solubility behaviour of nickel is consistent with Henry’s law, increases with 
decreasing pressure (7 constant) and increases with increasing temperature (P 
constant). The partition coefficient, DV!"4, as a function of pressure at 300, 
3000, and 10000 p.p.m. Ni in olivine (Fig. 43) has been determined by Mysen 
(1979b). 

Mysen (i978b,c) also determined the nickel partition coefficients between 
water-saturated liquid and ortho- and clinopyroxenes, garnet and amphibole, and 
showed that at comparable pressures and temperatures K°s*/4a'd decreases in the 
order olivine > garnet > amphibole > clinopyroxene > orthopyroxene. These data 
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have been used to calculate the liquid trends, based on the melting reaction 


enstatite + diopside = forsterite + liquid, for batch melting and for perfect frac- 
tional crystallization using two model mantle compositions, M1(= Fo 70, En 20, 
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Fig. 42. Magnesium-normalized partition coefficient, DQi/\4i = (Ni/Mg)°! /(Ni/Mg)", (a) 10 and 
20 kbar at 1075 °C. (b) 1025 and 1075 °C at 20 kbar (after Mysen, 1978c). 
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Fig. 43. Partition coefficient DV." as a function of pressure at 300, 3000 and 10000 p.p.m. Ni in 
olivine (after Mysen, 1979b). 
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Di 10) and M2 (= Fo 50, En 25, Di 25). The resulting liquid trends with fractional 
(F) and batch melting (B) are shown in Fig. 44 in which MI-F and M1-B are li- 
quids derived from mantle composition M1, and M2-F and M2-B are the respec- 
tive trends for the second model mantle composition. The calculated nickel con- 
tents of residual liquids during perfect fractional crystallization of olivine, ortho- 
and clinopyroxene and garnet at 1025°C and 20 kbar are shown in Figs. 45 and 
46. The nickel content of partial melts derived from upper mantle source rocks, 
whether or not crystallization fractionation has been involved, depends on such 
factors as the initial total nickel content and the modal proportion of the in- 
dividual phases in the source rock, the stoichiometry of the equations describing 
partial melting and fractional crystallization, and the pressure and temperature at 
which they have occurred, as well as the melting and fractionation mechanisms. 
The need for caution in applying low pressure data on nickel partitioning to 





Melting (%) 


Fig. 44. Nickel contents of partial melts formed by partial melting according to the reaction enstatite 
+ 0°98 diopside = 0-13 forsterite + 1-87 liquid. C8, nickel content of liquid. CS, initial nickel content 
of system (1500 p.p.m.). F, fractional melting. B, batch melting. Compositions of M1 and M2, see 
text (after Mysen, 1978c). 
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Fig. 45. Calculated nickel contents of residual liquids during perfect crystallization of olivine, or- 
thopyroxene, clinopyroxene and garnet at 1025 °C and 20 kbar. Cy = initial content of liquid, GCG; = 
Ni content of residual liquid with constant partition coefficient; behaviour according to Henry’s law 
(after Mysen, 1978c). 
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Fig. 46. As for Fig. 45 but with partition coefficient A°@"Lia varying as a function of nickel con 
tent of liquid and coexisting crystals. Cy = initial nickel content of liquid set equal to 300 p.p.m. C x 
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calculation of nickel distribution between olivine and melt in high pressure 
regimes, such as the upper mantle, has been stressed by Mysen and Kushiro 


(1978, 1979). These authors have investigated two compositions, (Mg2SiO.4)20- 
(NIla AIS. OV. \e- anda Ba _.Td.. unith nicLlal anAad : m natural ahundAanra amniinto 
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the pressure range | - 20 kbar at a temperature of 1300°C. These compositions, as 
seen from Fig. 47, were selected because the forsterite liquidus composition re- 
mains unchanged at this temperature and this range of pressure, and thus 
eliminates any effects due to changes in bulk composition. Evidence quoted by 
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Mysen and Kushiro indicates that depolymerization of the melt takes place in 


NaAlSi2O¢-rich liquids at pressures between 10 and 20 kbar due to a shift in the 
coordination of aluminium from tetrahedral at low pressure to a higher coordina- 
tion at higher pressures. Such a change would result in a reduction of the oc- 
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Fig. 47. Phase relations at 20 kbar of the NaAiSi,O,-rich portion of the system 
NaAiSi,0,- Mg,SiO,. 1 atm data from Schairer and Yoder (1961) (after Mysen and Kushiro, 1978). 
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Fig. 48. Partition coefficient, «pki , as a function of pressure at 1300 °C. Open symbols, starting 
composition Foz9Jdgg. Closed symbols, starting composition Fo,oJdg9. Enlarged symbols, reversal 
experiments. Error bars, + 1 o (after Mysen and Kushiro, 1978). 
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cient for olivine and liquid would be lowered. Mysen and Kushiro’s experimental 
data are illustrated in Fig. 48 and show that there is an abrupt decrease in the 
value Del's from © 25 at a pressure of 5 kbar to < 10 at a pressure of 20 kbar. 
The application of these data to processes of partia 1 melting suggests that such 
melts would contain twice the amount of nickel as that indicated by experimental 
data obtained at low pressures. 

The partitioning of nickel at 1 atm in the temperature range 1250 to 1450 °C 
between olivine and melt has been determined (Hart and Davis, 1978) for a wide 
range of liquid compositions in the system forsterite-albite- anorthite with 
variable amounts of NiO (0° 65- 1°38 wt. per cent) added. The partition coeffi- 
cient D (Ni in olivine/Ni in liquid) was found to be strongly dependent on the 
composition of the melt and was shown to vary linearly with 1/(Mg0QO) at constant 
temperature. Data obtained at temperatures of 1250, 1350 and 1450°C fit the 
single linear regression: 


D = (124:'13/Mg0O) — 0°897 
and are illustrated in Fig. 49. In contrast to Mysen’s (1976a) data obtained at high 


pressure and under hydrous conditions, little evidence was found for a 


temperature dependence of the partition coefficient. 

Arndt (1977a) has determined the partitioning of nickel between olivine and li- 
quids produced during melting of a spinifex peridotitic komatiite lava at 
temperatures between #1500 °C (liquidus) and #1200 °C (the crystallization 


temperature of diopside). The nickel partition coefficient, DO” liq is related to 
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the temperature of the melt and can be represented by the equation: 
InDW ha = 1043/7(PK)- 4°79 
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Fig. 49. Nickel partition coefficient D(Ni, olivine/Ni, glass) versus reciprocal MgO wt. per cent con- 
tent of the melt (after Hart and Davis, 1978). 


The nartition cnefficient te alen related ta the normative olivine cantent of the h- 
A ALN pol PALANVZAL VEL LISIVILIL 20 GLOW PVE CU LAL ALWALAECALE YS WAV EEA WEEE DAL Wh LE 2b 
quid, N, by an equation of the form: 


InDW'4 = 2°20-0:029 N 


The activity of nickel in silicate liquids varying in composition from high-Mg 
basait to dacite has been investigated by Campbell et a/. (1979). Their resuits 
show that the activity coefficient of nickel oxide (y NiO) is proportional to the ab- 


solute temperature provided the composition of the melt remains constant. 


The partition of Ni during the experimental serpentinization of olivine in the 
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presence of a small quantity of water at 350°C and a pressure of | kbar 
D = (Ni/M8) rucite/(NI/MB8) serpentine = 1°63 
has been determined by Perruchot (1971). 
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and Mn, based on a study of the forsterite- ‘fayalite- KO. 450, system with 4 
per cent each of Ni2SiO4, Co.,SiO, and Mn2SiO,, and of seven basalts ranging 
widely in composition (SiO. 38-56 wt. per cent) doped with 1-3 wt. per cent 
each of NiO, CoO and MnO, has been presented by Takahashi (1978). The varia- 
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oxygen fugacities: (- -4 log P,, at 1500 °C to -10°5 log P,, at 1100 °C) is shown in 
Fig. 50a. The Ni?* ion is concentrated most strongly in olivine, and shows the 
largest variation, from K,,, 3 to 14, as the silica content of the liquid varies from 
46 to 68 mol. per cent. The normalized partition coefficients (calculated by 


dividing K hu K \ far the trancitinn meatale are ralatively canctant within the 
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ange 50-60 mol. per cent SiO2. The partition coefficient decreases in the order 
Ni > Co>Fe> Mn and corresponds with their crystal field stabilization energies. 
Kyio/mgos NOwever, changes considerably in both the silica-poor and silica-rich 
compositions (Fig. 50b). 

The partitioning o of Ni-Me Co- N 
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Fig. 50. (a) Compositional dependence of the concentration factor K,,. = (MO)°'/(MO)""(mole 
ratio) in CO,/H, = 10/1 experiments. (b) Compositional dependence of the normalized partition 
coefficient for nickel, cobalt and manganese in CO,/H, = 18/1 experiments (after Takahashi, 1978) 


system, shows a marked compositional dependence with values between 1:8 and 
2°1 in liquids with the highest normative olivine and lowest silica (oceanite and 


nephelinite), and between 2°6 and 3:0 in tholeiitic and basaltic andesite liquids. 


The compositional dependency of both the K..o/mgo 884 Kuno/mgo 1S small and the 


partition coefficients, as shown in Fig. 51b, are relatively constant over a wide 
range of magma composition. Thus both coefficients are of considerabie impor- 
tance to the solution of problems of magmatic generation and fractionation. 


2 of chromium The nartitiogningo of chromium hetween olivine 
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pyroxenes and magma has been studied by a number of authors and the data have 
been summarized by Huebner ef a/. (1976). The iatter, using buik compositions in 
the system Mo.s9Feo.4:SiO4- CaAl2Si20g-SiO. with 0°S to 2°0 wt. per cent 
Cr20; added and reduced in CO, and H; to ensure that most of the iron was in 


the divalent state (oxygen fugacity more reducing than the iron- wustite buffer), 
found that 

De, = (C1203) givine/({CT 20.3) men} Wt. per cent 

varied between 0°58 and 1:28. The chromium Partition between olivine and liquid 
ammeare ssamateest nit wartime + RAS + 


appears to be independent either of varying Fe/(Fe + Mg) and Ca/(Ca + Mg + 

Fe) ratios or of the concentration of other cations present in the melt. D., is not 
related to the temperature of the crystallization of the olivine in any obvious man- 
ner, and the reures up values a D,,, at low pressure reported above with those 


“ ares 20 kbar (Ringwood, 1976) indicate little pressure 
pa artitioni 
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Fig. 51. (a) Partitioning of Ni- Mg between olivine and basaltic liquids of different composition in 
the system Mg,SiO,- K,0.4Si0, in the temperature range 1200 to 1400 “C under CO,/H, = 10:1 con- 
ditions. (b) Partitioning of Co-Mg between olivine and basaltic liquids in the system 
Mg_SiO, - K,0.4SiO,. (c) Partitioning of Mn- Mg between olivine and basaltic liquids in the system 
Mg,SiO,- K,0.4SiO,, O, oceanite; ©, nephelinite; ©, alkali olivine basalt; ©, plateau basalt; @ 
olivine tholeiite; ©, abyssal basalt; @ Mg,SiO,-K,0.4SiO, system compositions (after Takahashi, 
1978). 


A complementary experimental study of the partitioning of chromium (and Ti 
and Al) in coexisting olivine, spinel and li liquid at | atm using the bulk composi- 
tion, Enes.sFsi6.s W015; (pyroxene), to which 10 and 2 mol. per cent CaTiAl2O¢ 
and CaCrAlSiOg¢ respectively had been added, has been described by Akella ef a. 
(1976). The experiments were made at temperatures between 1300 and 1175°C 


and oxygen fugacities, log So, ranging from 9°8 to 13:5. The data are in good 


aeraecsmant N.90€ «~NM. 4h thane nf lanae of nl AID -anA lila. as 
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found to be independent of temperature and melt composition, and showed only 
a weak fp, sensitivity. The effects of controlled cooling of the initial melt, at 
70°C and 3°5 °C/h indicate that Cr2O3 does not reequilibrate between olivine and 
liquid during cooling, and it is thus Possible to use De and the Cr,O; contents of 


olivine to obtain the amount of Cr20; in the liquid from which the olivine 


crystallized. 
Similar values of De to those found by Huebner ef a/. and Akella ef a/. have 
also been obtained using compositions in the forsterite-anorthite- SiO, and 


forsterite- anorthite- diopside systems, with 0:5 wt. per cent Cr added, and oxy- 


wae martial wreccires tvanaginan Seam “10.7 - 109724) 


gen partial pressures ranging from 10°" to i atm (Schreiber and Haskin, 1976). 
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Partitioning of manganese. Regular solution equations, applied to the data 
from the phase diagram of the Mg,SiO4-Mn.2SiO, system, have been used by 
Ryabchikov (1962, 1965) to calculate the distribution coefficients of small 
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in crystals and liquids during tne fractional Cr ystallization of a melt of composi- 
tion 65°4 Mg2SiOu, 34°5 Fe2SiO.z, 0°1 mol. per cent Mn2SiO, derived from this 
model showed that with less than 60 mol. per cent Fe,SiO, the concentration of 
the manganese component in the melt increases to a maximum at 1500°C and 


thereafter declines. 

Partitioning data for manganese between forsterite and liquid compositions in 
the system MgO-CaO- Na20O- Al,0;3- SiOz, essentially within the forsterite ere 
of the system forsterite- albite- anorthite, with about 0:2 per cent Mn added, i 
the temperature range 1250- 1450 °C at 1 atm, have been determined by Wateon 
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(1977). The forsterite- liquid partition of Mn, D*e’''9, expressed as the mol. per 
cent MnO in forsterite/mol. per cent MnO in liquid, was found to vary with the 
melt composition. In the compositional range 48°9 to 60°4 wt. per cent SiO2, the 
partition coefficient varies between 0°62 and 0:90, and 0°51 and 0-67, at 
temperatures of 1350 and 1450 °C respectively, i.e. at lower temperatures the par- 
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tition is more strongly melt composition dependent. 

A pilot of D'e's at different temperatures against the Si/O ratio of various 
melt compositions (Fig. 52a) displays discrete constant temperature curves and il- 
lustrates the effects of temperature and melt composition on the partition coeffi- 


cient that are not well defined in plots of the partition coefficient against 


weweae 


parameters such as the content of Mno. For a given ‘Si/O melt ratio InD° ia ver- 
sus 1/7 °K is linear but the siope of the plot (Fig. 52b) becomes more stronely 
positive as the Si/O ratio increases, indicating a higher energy state for Mn’* 

the more acid compared with more basic melts. Comparison of the partitioning 


data for the iron-free system with Duke’s (1976) data for olivine and liquid com- 
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position, Foos.4-F0O6,.o and molar MgO/(MgO + FeO) between 0°895 and 0°338 

respectively, indicates that the effect of iron on the partitioning of manganese 

between the crystal and liquid phases is small at basalt liquidus temperatures. 
Distribution data for the transition metals between olivine, calcic pyroxene and 


liquid for three different bulk mafic compositions in the system 


WALA WA WSAL a7 eee BSAUE SL waeatp Bavyweatawaebu asa eeiw wy Few eee 
MgO - FeO- CaO- Al,0;- Na,O-SiO,, each doped with = 0°5 wt. per cent of 
one of the transition metal oxides TiO,, V20;, Cr203, MnO, CoO or NiO, at 
temperatures between 1125 and 1150°C under anhydrous conditions at | bar total 


pressure and oxygen fugacities between 10°'*°* at 1125°C and 10°°"’ bar at 
1250°C, have been presented by Nuke (1976). The divalent transition metal ca- 
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tions, Fe, Mn, Co and Ni were each found to be concentrated in olivine relative to 
pyroxene, the magnitude increasing in the order D®’°**MnO < FeO < CoO < 
NiO. The chromium enrichment pattern is different with the clinopyroxene >> 
olivine > liquid; vanadium and titanium occur in only barely discernible amounts 


in the olivine. 
Akh LAA 


The fractionation of Co?* and Sc** between olivine and clinopyroxene in the 
ultramafic nodules of the nephelinite tuff, Sait Lake Crater, Oahu, Hawaii, has 
been shown (Glassley and Piper, 1978) to be strongly dependent on Fe contents. 
Thus the distribution coefficient for scandium (Ko Ol) decreases from values ap- 


nroaachine 1N2 tn valhiec af ahonut 1 ‘0 as the Ee “content of the clinopvroxene 
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changes from © 1:0 to 6:0 per cent Fe whereas, although the rate of change is 
smaller K&°*'°! for Co shows the reverse relationship. 
Crystal/liquid distribution coefficients, defined as D?’''* = concentration of 
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Fig. 52. (a) Distribution coefficient, DF o/ ‘Lig versus Si/O melt at 1250, 1300, 1350 and 1450 °C (after 
Watson, 1977). (b) In DFo’Liq versus temperature for melts of constant Si/O. AM is the enthalny 


change associated with the transfer of a mole of MnO from the melt to frosterite from the equation In 
pFo/Liq = -AH°/RT + AS°/R + constant (after Watson, 1977). 


element i in a mineral m divided by the concentration of i in a liquid in 

equilibrium with m for Mg, Mn, Ni, Co, Cr, Sc, Na, Sm and Ca (Table 18), in 

olivine- groundmass pairs of seven tholeiitic basalts and one basanitoid flow have 
earrar “1 a7’ Banasshs 
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two phases is indicated by the presence of only minor zoning in the olivines, and 
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is largely substantiated by the calculated olivine crystallization temperatures for 
Mg, Fe, Mn, Ni and Co using experimental calibrations of {nD v. 1/T. 

Partition coefficients for trace amounts of the trivalent ions Sc, La, Eu, Yb, 
Dy and Ga between single crystals of forsterite, grown by the Czochralski 


method, and the coexisting melt have been determined by Kobayashi and Takei 


(1977). The coefficients vary with the amount of visible imperfections in the 
crystals and, to a smaller extent, with the concentrations of the trivalent ions in 
the melt. Plots of the partition coefficient versus ionic radius of the trivalent ions 


were found to be in qualitative agreement with the pattern for a natural 
alwina_ aramundmace nair (Uianchi of al., 1970). 
WVILVILIN &! WULIMIAIGOD Pa ail \ebipusin Ct ws. avy ivy 


nen 


Olivine- sulphides. An experiment study of Maurei (1969) of the partition of 
the chalcophile elements between olivines, (Mg,..M,)2SiO«, and sulphides MS (M@ 
= Mn, Fe, Co, Ni, Zn and Cd) showed that their distribution is dependent on the 


affinit f th individ i 
affinity of the individual elements for sulphur, and that the preferential concen- 


tration sequence in the silicate phase is Mn, Fe, Co, Ni, Zn, Cd. Examples of the 
results obtained at 600°C are: 


(Mgo.9Coo. 1)28104 + 0°2 FeS = (Mgo.oF €o. 129104 + 0°2 CoS 
(Mgo0.9Nio. 1)2SiO4 + 0'2 FeS = (MBo.9F eo. 1) 25104 + 0°2 NiS 
(Mgo.9Nio. 1)28104 + 0°2 CoS = (Mgo.9COo. 1)2810,4 + 0:2 NiS 


The average Ni content of the olivines in the Kotalahti peridotite, Finland 
(Hakli, 1963) is 0°148 wt. per cent and the mean Ni content of the associated 


sulphide phase 6°21 wt. per cent, which give a Partition coefficient, X°'/ XS"), of 
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VusS 8. T he Tatio IVig/ Ni iS lcal Ly CUOILIISTALIL in the Ouvine compositional Ldallge, 
i.e. Mg 32°9, Ni 0°172 wt. per cent, Ni/Mg = 2°16 x 107? to Mg 27°8, Ni 0°129 wt. 
per cent, Ni/Mg = 1°92 x 10°. 

The Fe- Ni distribution coefficient 
Kp = (Nyis/ Nees /(Nyisi,,03/ resiy,0; 


where N is the mole fraction, at 900°C and oxygen fugacity close to the QFM 


hi FF, h h fr adtn hei i it att 
buffer, has been found to be independent of the Fe: Ni ratio in the compositional 


range 0-20 wt. per cent Ni of the Fe-Ni sulphide phase (Clark and Naldrett, 
1972; see also Fleet et al/., 1977). 

A wide compositional range with respect to the Fe-Ni ratio occurs in the 
olivine- bulk sulphide fraction pairs in the ores and proto-ores of the 


oval hida a it at Do W/ 
nickel~sulphide deposit at Perseverance, Western Australia, located in a region 


of amphibolite facies metamorphism, the P- 7 conditions of which are estimated 
to be 600 + 50°C and 3-5 kbar (Binns and Groves, 1976). The olivine- sulphide 
pairs display a regular partition relationship, the atomic ratio, Fe/Ni of the 


silicate and sulphide ranging from 128 to 50 and 5:4 to 0:93 respectively, giving a 


distribution coefficient, Kp = (Fe/Ni) ovine (NI/ FO) uipnige OF 23°9 + 1°0. This value 


is significantly lower than the 33:2 + 3°4 obtained by Clark and Naldrett (1972) 
for synthetic Fe- Ni olivines at 900°C, a difference that may arise as a result of 
cation ordering of Ni to the M1 site that is likely to occur in natural olivines. 


Lower values have also been recorded for other natural olivine - sulphide pairs, 


exnerimental and natural data indicat 
and the experimental and natural data indicate that the parti 


temperature dependent. 

The partition of Ge and Co between fayalite and metal (Fe- 10 per cent) and 
between fayalite and FeS at 900°C, 0°5 kbar and oxygen fugacities controlled by 
the Fe- FeO buffer, indicate that Co has a greater affinity for the sulphide and Fe 


fae tha cilicate nhace (Wai eta] 1968 Wai 1074) 
for the silicate pnase (Wai ef @/., 1968; Wal, 1374). 


sulphide Dotivine 
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The REE contents (LREE = 0°60 p.p.m.) of olivine in the primary high 
temperature peridotite, Lizard, Cornwall, as weil as the distribution coefficients 
for La (0°16-0°23 p.p.m.) and Yb (10-45 p.p.m.) for olivine- clinopyroxene 
pairs have been determined by Frey (1969). 


Tlraninm contente of two olivine nhenoec crysts (0°'008 17 and 2:0N6461 n nm ) 
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and their partition coefficients relative to the groundmass of the host alkali 
olivine basalts, Pozzomaggiore, Sardinia, are given by Dostal and Capedri (1975) 
and distribution coefficients for K (9°9-17), Rb (9°6-24), Sr (6°9-14) and Ba 
(2:8-29) for olivine- orthopyroxene pairs in peridotite inclusions in kimberlites 
by Griffin and Murthy ( (1969). 
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The terminal T-f, conditions at which olivine, magnetite, niobian perovskite, 
liquid and vapour in the Oka carbonatite, Quebec, were in equilibrium have been 
determined by Friel and Ulmer (1974). The method is based on the measurement 


of the intrinsic oxygen fugacities of the three solid phases, and depends on the 
hypothesis that the triple intersection of the plots /,,- 7 (Fig. 53) represents the 
last solid-liquid- vapour equilibration between olivine, magnetite and perov- 
skite. The value, 710 °C at an oxygen fugacity of 107'’:' atm, is not at variance 
with Conway and Taylor’s (1969) 189/16Q data and is also supported by the syn- 
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thetic phase equilibrium studies of Wones and Gilbert (1969). 


Sc, Si, Mn, Cr, Fe, Co, Ni, Ag, Au and Ir partition ratios between silicate and 
metal phases have been determined in the products of a dunite smelted with coke 
at 2000°C (Finstadt and Heier, 1972). The data show that elements in the elec- 
trochemical series with higher reduction potentials than iron are strongly enriched 
in the metal phase, e.g. Ir, Au and Ag have enrichment factors > 500. Approx- 
imately 95 per cent of the available Cr, Fe, Co and Ni was found to be contained 
in the metal phase. 

Distribution coefficients for the pa artitioning of Mg and Fe between coexisting 


naliwinac Ba _~FEPn na Jriarmalenlit =— (NAG /GarAm /f{NMa /Pat0l = 1-301 and 
UWailVIbieS, 1 Og0 i O70, ana “ira ma:couite [Kp Uivigs Avs /\lVip// 2d Y) VW a7j aiu 
Cr-Zr-armalcolite (KA = 0°12) in Apollo 17 breccias are given by Steele 
(1974). 


The A'8O and A!’0 values of the olivine from the Kenna ureilite are 0°76 and 
0°30 %o respectively (Clayton et al., 1976). The oxygen isotopic fractionation be- 
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Fig. 53. Intrinsic oxygen fugacity versus temperature data for coexisting olivine-niobian perov- 


skite- magnetite, Oka carbonatiie (after Friel and Uimer, 1974). 
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Experimental Work 


Magnesium olivine. Forsterite, in addition to its synthesis in many experimental 
systems, has been synthesized in boules up to 3cm in length from a starting mix 
of 90 wt. per cent Mg2SiO, + SiO. and MgO (Shankland and Hemmenway, 
1963). Finch and Clark (1971) also have described the production of boules con- 


sisting of cingle-cructale 2em in length and Qmm in diameter fram a farcterite 
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melt at approximately 1900°C, and single-crystal boules, 1 cm in diameter have 
been grown from compacted pellets of MgO powder and crushed vitreous silica 
heated in a graphite crucible (Jordan and Naughton, 1964). 

Crystals of forsterite of sufficient size to provide [100] and [001] seeds, obtain- 
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Ir rod, have been used by Takei (1974) and Takei and Kobayashi (1974) to grow 
large transparent single-crystals, 25mm in diameter, up to 80mm in length and 
160g in weight. The MgO content of the crystals, even when grown from an 
MgO-deficient melt, was found to be slightly in excess of the stoichiometric 
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in the MgO-SiO, system has excess MgO over stoichiometry, a conclusion that 
is in part verified by X-ray and pycnometric density measurements (see optical 
and physical properties section, p. 190). 

Forsterite is the major product when selectively sized Mg and SiO. powders 
are reacted at temperatures between 800 and 1500°C (Lenz ef a/., 1977). An 
evaluation of the possible influence of quartz anisotropy, by measurement of 
growth rate on basal and prism planes of single-crystals of quartz, was shown to 
have no significant influence on the rate of growth of the olivine product. The 
reaction kinetic relationship approximates to X *_ X32 = 2Kt where X is the layer 
thickness, Xo is a constant, K the parabolic rate constant and ¢ is time. 

The growth of single crystals of Ni.SiO,, up to 10mm in length, in a 
Li.O- MoO; flux has been reported by Ozima (1976). 

Forsterite has been synthesized from stoichiometric mixtures of its oxides in 
the presence of water at a temperature as low as 500°C at Pressures between 0° 13 
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of Na,SiO; and MgCl, (Sabatier, 1950). 

Forsterite is the main product of the solid state reactions between MgO and 
SiO, on heating various mole ratios of the two oxides for up to 144 hours at 
temperatures between 1100 and 1400°C (Brindley and Hayami, 1965a). The plot 
of a (fraction of the material reacted after time 4) versus /¢ is nearly linear sug- 
gesting that the reaction is diffusion controlled. The forsterite develops mainly on 
the SiO, side of the MgO/SiO, interface, probably due to the greater ease of 
movement of the Mg ions from the close packed arrangement of anions in MgO 
into the more open structure of SiO2. The activation energy of the reaction is 
about 78 kcal/mol. 

The melting point of forsterite at 1 atm was determined as 1890 + 20°C by 
Bowen and Anderson (1914). The 1 atm melting temperature, 1898 + 11°C, has 


been derived by extrapolation of the melting curve of forsterite det crmined at 
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pressures between 5°5 and 46‘Skbar, by Davis and England (1964). The linear 


the melting curve is given by: 
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forsterite is a component move towards the Mg2SiO, member at low to moderate 

pressures. At high pressures, however, the effect diminishes due to the decreasing 

value of d7/dP (about 6 deg/kbar) for most silicate melting curves at * 20 kbar. 
Activation energies, in the range 100-110kcal/mol, for the formation of 


forsterite by the solid state reaction between enstatite and silica are reported by 


Hayami and Ogura (1968). The process is rate controlled by the diffusion of 
magnesium through the thin enstatite layer which forms between the main reac- 
tion product, forsterite, and the silica component. 


The enthalpy of solution of synthetic forsterite, 16°11 kcal/mol, in a melt of 
2PbO B, 303 camnocitian at 970 + 2 oy (Charlu et al,, 109748)\ ic in clace agreaa 


mant 
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with Shearer and Kleppa’s (1973) oxide melt solution calorimetry value of 

15°48 kcal/mol, and is consistent with the enthalpy of formation derived from 

HF solution calorimetry (Sahama and Torgeson, 1949) and with the measured 
heat contents of forsterite, MgO and SiO. (Robie and Waldbaum, 1968). 


* = _%4L V/ 1 ft+h ty 
The average enthalpy difference, AH® = -26 kcal/mol, of the olivine reactions 


2 MgO (liquid) + SiO. (liquid) = Mg2SiO, and 2 FeO (liquid) + SiO, (liquid) = 
Fe,SiO,, calculated from the Fe and Mg distribution coefficients in lunar basalt 
olivines (Longhi eft a/., 1978), compares well with the heats of fusion, forsterite — 
29 kcal/mol and fayalite - ~ 25 kcal/mol predicted by Bradley (1962), and fayalite 


— agus - (1052) 
22 kcal/mol measured b by Orr (1953). 


Synthetic systems: MgO-SiO,, Mg2SiQ,-SiO.. Many synthetic systems in 
which magnesium-rich olivine is a primary phase are of considerable interest and 
importance in the interpretation of the phase relationships of olivine in natural 
rocks. Thus in the MgO- SiO, system (Fig. 54) a metasilicate phase MgSiOs, as 
well as forsterite and SiO2, is present. At the peritectic point (at * 1560°C) 
forsterite reacts with the liquid to form protoenstatite. The reaction between 
olivine crystals and liquid in the system forsterite- silica also occurs in the ternary 
systems,  anorthite- forsterite- silica (Andersen, 1915) and _ diopside- 


tea (Dawan 101A nd 
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rOrscerite —Suica (oowen, 1914), and is i y tmany f natural occurrences. 
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Fig. 54. Equilibrium diagram of the system MgO - SiO, (after Bowen and Schairer, 1935). 
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The discontinuous reaction relationship of forsteritic olivine with the magma 
from which it precipitated is recorded by resorbed crystals, and by reaction rims 
of peripheral orthopyroxene. The formation of magnetite, in vermicular in- 
tergrowth with the orthopyroxene, may occur as a by-product of the reaction, 


and in tha final ctage af racarntinn th 
and in the final stage of resorption the olivine may be completely replaced by a 


central aggregate of vermicular magnetite, and a corona of orthopyroxene. 

The recent data of Chen and Presnall (1975) on the system Mg2SiO,4- SiO, at 
pressures up to 25 kbar confirmed the accuracy of the earlier values of the reac- 
tion temperature 1 559 (1557 °C) at 1 atm, and the composition of the liquid 60°6 


(60-9) wt. per cent SiO. at the peritectic point obtained by Bowen and Andersen 


(1914). Taylor (1973) found that at a pressure above 5°4 kbar enstatite no longer 
melted incongruently (Chen and Presnall, from extrapolation of their high 
pressure data, consider this pressure to be about 1:3 kbar). At higher pressures 
forsterite and enstatite have a eutectic relationship (Fig. 55); the composition of 


tha antart if tA hacamac | « 
the eutectic liquid becomes less SiO.-rich as the pressure increases, and is 26 and 


24wt. per cent of the SiO. component at 12 and 25kbar respectively. The 
pressure at which the peritectic reaction disappears cannot, however, be applied 
directly to natural magmas as the presence of iron reduces the pressure, while 
solid solution of aluminium in enstatite increases the pressure, at which the 


Sets ean atin : : . 
peritectic reaction is replaced by a eutectic relationship. The effects of supercool- 


ing compositions in the Mg2SiO,-SiO2 system (Blander et a/., 1976) some 
400~750°C below their equilibrium liquidus temperatures are described in the 
section on optical and physical properties (p. 199). 

Morse (1979) has calculated constants for the reaction: 


MgsiO; = MgSi,,O2 + “SiO. 
that yield the expression: 
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log a = -724/T(°K) + 0°338 -AFFs 
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Fig. 55. Temperature- composition sections, at 1 atm, 12 and 25 kbar for the system Mg;SiO, - SiO; 
(after Chen and Presnall, 1975). 
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where AFFS = 2 log (45/4) for silica activity in a melt crystallizing olivine and 
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OPlNnOopyroxene, referred to tridymite ald pl essure of 1 bar. 
The melting curve of forsterite under water-saturated conditions at pressures 
between 10 and 30 kbar determined by Kushiro and Yoder (1969) shows that the 


temperature difference between melting under anhydrous and under hydrous 
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conditions is about 450°C at 10kbar and 670°C at 30kbar (Fig. 56a). The 
amount of water required to saturate forsterite melt at 20 and 30 kbar (Hodges, 
1973, 1974) is shown in Fig. 56b. The Mg2SiO,-H20 solidus at 20 and 30 kbar 
occurs at 1425 and 1375 °C respectively, and the corresponding amounts of water 
required to saturate the melt are 20:2 wt. (66 mol. % ) and 27:0 wt. (74:3 mol. %). 

Phase relations in the system Mg2SiO,-SiO2-H2.0, particularly with respect 
to the composition of the gas phase, at temperatures of 1280, 1310 and 1340 °C at 
15 kbar have been investigated by Nakamura and Kushiro (1974). At the lower 
temperature (Fig. 57) the content of SiO, in the gas phase coexisting with 


forsterite and enstatite is about 18 wt. per cent and increases to some 22 per cent 


orsterite istatite is about 18 wt. per cent i 
at 1310°C. 

The effect on the liquidus boundaries between forsterite and protoenstatite at 
latm when various oxides are added to the MgO-SiO, system, i.e. 
MgO-SiO.-X, where X = Na20, K20, CaO, FeO, Al.03, Cr2O; and TiO; has 


been examined by Kushiro (1975). The shift in the liquidus boundary 1 is found to 


be related to the valency of the cation in the oxide, thus with the addition of K,0 
the boundary moves towards SiO, and the forsterite liquidus field is enlarged 
relative to that of protoenstatite (Fig. 58). The shift is smaller when the cation is 
divalent or trivalent (CaO or Al.O3), and in the system MgO-SiO.2- TiO, the 


shift is reversed 
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The regularity of the variation in the liquidus boundaries and its relationship 


to the degree of (SiO,)*” polymerization of forsterite, enstatite and the meit, has 
been discussed by Kushiro, and indicates that monovalent cations reduce the 





(a) (b) 
2200 
mies amoo 
2 Lanid 2000 \ , 20 kbar 











1400 f _______Y__| 
forsterite + vapour 
Le a 


5 10 15 20 25 30 10 20 30 
Pressure (kbar) H,0 (weight %) 


Fig. 56. (a) Melting curve of forsterite under anhydrous 1 and | water-saturated conditions (Kushiro 


and Vade» 10640 \ Dhazes malatinans in tha tome 690 and 2M Lha,r (aftar La, 
auu 2 UUTi, 1969). (b) Phase relations in the system Mg,S!0,-H,0 at 20 and 30 kbar (Racer Hodges, 


1973, 1974). 
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Fig. 57. Isothermal section of Mg,SiO0,-SiO0,-H,O system at 1280°C and 15 kbar (after 
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polymerization of the melt, thus favouring the crystallization of the phase with 
the lower (SiO,)*" polymerization, i.e. enstatite. These effects of the addition of 
oxides with different cation valencies on the liquidus boundaries are consistent 
with Korzhinskii’s (1959) theory of acid-base interaction of components in 


1 tam T 
silicate melts. The effect of pressure (20 kbar) on the liquidus boundaries in the 


systems MgO-SiO.-X where X = CaO, TiO. and P.O; has been investigated by 
Kushiro (1975). 


MgO - SiO,-H20 system. The _MgO- SiO2-H 2O system was first studied by 


Ra na Tittle (194 AQN Tha aha ALka nA te ater, 
powen ana i uttie (izes. Their investigation, at avoout 3 Koar anda vemper atures 


to 1000°C, of this system of particular paragenetic interest, showed that brucite, 
serpentine, forsterite and vapour are in equilibrium at a temperature of approx- 
imately 400°C. Just above this temperature at lower pressures, and somewhat 
higher than 400°C at higher pressures, forsterite is stable in the presence of water 


wees - The re. versibi la¢ey oft he ranntinn 

Vapour, reversiowity Of tne reaction 

Meg(OH), + Mg; 351 20;(OH), =2 Mg2S104 +3H,0 
brucite ‘serpentine 


has been demonstrated by the serpentinization (formation of brucite and serpen- 
tine) of forsterite crystallized from an anhydrous melt at high temperature. The 
replacement of Mg by Fe** reduces the temperature at which serpentinization 
takes place; thus in an olivine with 10 mol. per cent Fe2SiO, the reaction occurs at 
340°C at water vapour pressure 1 kbar, approximately 20°C below the lower 
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stability temperature of pure forsterite determined by J ohannes (1968). 
The relationships in the quaternary system MgO - Al,03-SiO2-H2O (Yoder, 
1952; Roy and Roy, 1955) are not at variance with the data for the ternary 


system, forsterite crystallizing under excess water vapour pressure from 
powdered mixes and olasses of annronriate composition at approximately 430°C, 
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In the quaternary system two sets of equilibrium associations have been recogniz- 
ed: (a) phase associations in equilibrium in the presence of excess water; (0) 
associations in equilibrium under ‘water deficient’ conditions, i.e. those in which 
there is insufficient water to convert all the phases to hydrates. 


Reactions in the system MgO-SiO.,- HO have been investigated more recent- 
ly by Kitahara et al. (1966), and the univariant P- T boundaries for the reactions: 
Mg;3Si205(OH)., + Mg(OH).2 = 2 Mg2SiO, + 3 H20 (1) 
serpentine brucite forsterite 
5 Mg3Si20;5(OH),4 = 6 Mg2SiO4 + Mg3SisO10(0H)2 + 9 H20 (2) 
serpentine forsterite talc 
Mg2SiO, + Mg3Si4010(OH)2 =5 MgsiO; + H,0 (3) 
forsterite talc enstatite 


have been determined at water pressures up to 30kbar. Extrapolation o 

curves for reactions (1) and (2) agree well with the earlier lower pressure data of 
Bowen and Tuttle (1949). Subsequently Kitahara and Kennedy (1967) presented 
equilibrium curves for these reactions, calculated from thermodynamic data, 


together with the experimentally determined curves (Fig. 59a) (see also Misar et 
al., 1971). 
The phase boundary of the reaction serpentine + brucite = forsterite + H2O 


has been redetermined by Johannes (1968; see also Evans and Trommsdorff, 
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Fig. 59. (a) Calculated (solid lines) and experimental (broken lines) equilibrium curves in ihe system 
MgO -SiO,-H,0: A, reaction serpentine + brucite = 2 forsterite + 3H,0; B, 5 serpentine = 6 
forsterite + taic + 9H,O; C, forsterite + taic = 5 ensiatite + H,O (after Kitahara and Kennedy, 1967). 
(b) Position of the phase boundary 2forsterite + 3H,0 = = serpentine + brucite determined by Johan- 
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nes, compared wiih ihe resuiis of other investigations (afier Johannes, 1568). 


1975). Using starting mixtures of serpentine, brucite and forsterite with water in 
excess and runs of between 24 and 145 days’ duration, Johannes found that 
forsterite was slowly formed from serpentine + brucite at lower temperatures 
than those reported by Bowen and Tuttle (1949) using oxide starting mixtures, 
and by Kitahara and Kennedy (1967) with serpentine and brucite as starting mix- 
tures; in the two earlier experiments the runs were of short, <25 hours, duration. 
The equilibrium curve shown in Fig. 59b marks the lowest temperature - pressure 
conditions at which forsterite can be stable and lies some 60°C below the earlier 


curves. 
Equilibrium curves for the above reactions (1) and (2) have been determined at 
pressures between 29 and 77kbar and temperatures of 470-1225°C by 


Yamamoto and Akimoto (1977). Calculated pressure- temperature curves for the 


system MgO- SiO.- HO, ‘based on | kbar experimental stability data and derived 
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thermodynamic relations, for pressure up to 4kbar, are given by Hemley ef ai. 


(1977a; see also Evans et al., 1976). 
The thermal decomposition of the talc-forsterite reaction in the system 
MgO - SiO2-H,0 has been investigated at temperatures between 200 and 600 °C 


at a pressure of P,, 10 = 1 kbar (Hemley etal., 1977a, b). The method depends on 
the measurement of the concentration of aqueous silica in equilibrium with the 
solid phases of the reaction, expressed by the equation: 
Mg3SisO10(OH)2 + 4H,20 = 1°S5Mg2SiO, +2°5 H,SiO, 


talc forsterite 


the equilibrium constant of which is 
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K ssic-torsterne = [HaSiO4] ** 


taic - forsterite 


where the bracket denotes activity, and the solid phases and water are considered 
to have unit activities at each temperature and a pressure of 1 kbar H20. 


A niont of m (the aynerimentally datermined malalituy af total dicenlved 
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silica) versus 1/ T for the talc- forsterite reaction, together with the results obtain- 
ed for the talc- chrysotile aqueous solution equilibrium: 


Mg;3Sis010(OH)2 + $H,O = Mg;3Si205(OH)., + 2H,SiO, 

talc chrysotile 

is shown in Fig. 60. The isobaric invariant point, at which forsterite, talc, 
chrysotile and fluid are in equilibrium, corresponding to the equation: 


5Mg3Si205(OH), = 6Mg2SiO, + Mg3Si4O;0(0OH)2 + 9H20 
is located at the abrupt change of slope of the two straight lines, resulting from 


the different AH of the two reactions, at 441 °C for natural and at 435 °C for syn- 


thetic pairs, for which the corresponding calculated free energy of formation of 
forsterite is -491°302 and -4901-435§ keal/g. f.w. (unit gram formula weight) 


aWasvlwi itw “Fe kh AS ht mau “CA A FI sy ws Veaaae &* wanes 


respectively. Hemley et a/. (1977b) have also presented data relating to the ther- 
mai dehydration temperatures at 1 kbar H2O for the reactions: 








=— 10°/T °K 


Fig.60. Phase stability relations in the MgO - SiO, - H,O system as a function of log Mg, -V/ TK at 
1 kbar H,O (after Hemley ef ai/., 1977b). Msi, molality of SiO;. 
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4 forsterite + 9 talc = 5 anthophyllite + 4H,O 
taic + forsterite = 5 enstatite + H,0 
anthophyllite + forsterite = 9 enstatite + H,O 
The univariant curves for these reactions are in close agreement with those 
calculated from thermodynamic data by Helgeson et a/. (1978). 
The formation of forsterite by the dehydroxylation of serpentine has been in- 


vestigated by Brindley and Hayami (1965). The non-appearance of enstatite, 
and the production of as much as 80 per cent forsterite on heating to 800°C, sug- 
gests that the recrystallization of dehydroxylated serpentine does not proceed 


directly by the reaction: 
Mg;3Si2.07 ~ Mg2SiO, + MgSiO; 


serpentine forsterite enstatite 
anhydride 


but may be represented by the equation: 
Mg3Si20, > i-SMg2SiO, + 0°5SiO2 
87°5% 12°5% 


The relationship between serpentine and forsterite is topotactic, and a 
‘donor- acceptor’ mechanism, by which eight unit cells of serpentine are con- 
verted to nine of forsterite, may be illustrated by the following scheme: 


-————+ 4Mg;3Si.0;(OH), acceptor region ~ 9Mg,SiO, 
6Mg;Si20s(OH). [ome'1si fi6H] 
2Mg;3Si20;(OH), donor region > 3SiO,.12H2O 


The serpentine volume, 8 V,, contains 48 Mg, 32 Si, 144 O, 64 H; the forsterite 
volume, 9 V,, 72 Mg, 36 Si, 144 O, and the overall cation exchange is 24 Mg + 
4Si = 64H. 
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stability of forsterite have been investigated by Johannes (1967a, b, 1969). 
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Fig. 61. Temperature- -Xco , diagram showing phase boundaries for the reactions (2) forsterite + 
H,0 + CO, = serpentine - - "magnesite (b) forsterite + H,O + CO, = taic + magnesite at a fluid 
pressure of 2 kbar (after Johannes, 19672). 
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Equilibrium data, the temperature and CO, content of the fluid phase at a total 
pressure of 2 kbar for the reactions: 


2Mg2SiO, +2 20 + +CO,= —_ Mg3Si205(OH), + MgCo; 


forsterite serpentine magnesite 
4Mg,SiO,4 + H2.0 + SCO. = Mg3Si4010(OH)2 + SMgCO; 
forsterite talc magnesite 


are shown in Fig. 61a, b. 
The equilibrium temperature of the reaction: 


Ca2.Mg;Sis0O2.(OH)2 + 11 CaMg(CO;). = 8 Mg2SiO, + 13 CaCO; +9 CO,+ 


tremolite dolomite forsterite calcite H 20 


at a total pressure of 0°5 and 1:0 kbar as a function of the CO, content in the fluid 
phase CO,-H.2O was determined experimentally by Metz (1967). Subsequently 
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the same author (Metz, 1976) presented temperature- X,,, equilibrium data for 
the reaction at total pressures (Poo, + Py,>) of 3 and 5 kbar (Fig. 62). 

The reaction, because of solid solution between calcite and dolomite, does not 
express exactly the formation of forsterite and calcite from tremolite and 


olomite, and amore nrecice statement of the reaction is given by the eanation: 
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Ca2Mg;SisO22(OH)>2 +11 MgCoO; (in dolomite) = = 


ivi 43 


8 Mg2SiO, + 2 CaCO; (in Mg-calcite) + 9 CO, + H20 


The equilibrium constant for this reaction (Skippen, 1974) is given by: 


log Ki = ae 126-672 + 28187 oul 2000) (1) 


(T in degrees Kelvin and P in bars) using the following activity data for the com- 


Sas zu 


ponents MgCO; and CaCO; in magnesian calcite coexisting with dolomite 


OB asco, =- 222 +0-4854 (2) 
lO Gcsco, = se - 0110 (3) 


By combining equations (1) - (3) the equilibrium gas ratio is given by: 
9 log foo, + 1 log yo = 10g Ki - 2 log acco, + 11108 ay eco, (4) 
_ — 83026°66 + 132°231 + 0°8197 (P total ~ 2000) 


i T 
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A more precise expressi ion, derived from the values of 9 log foo, +1] 10g Siao 
from equation (4), calculated as a function of te mperature at a constant P,,,,, of 1 
kbar, in conjunction with the experimentally determined 7-X,,, equilibrium 
data at | kbar, and assuming ideal mixing of CO, and H;O is given by: 


QO lac lag £ — 62120 4 1NA4-20 1 0°8197 (P...., - 1 000) fey 
7 108 Joo, T 1 108 Juno = a A (9) 


The calculated T-.X,,, and experimentally determined data, and the equilibrium 
temperatures calculated from equation (4), at a total pressure of 3 and 5 kbar, are 


illu strated i in Fig. 62, and show ‘that there i is an increasing discrepancy between the 
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. (a2) Temnerature- Xoo, equilibrium curves for the reaction tremolite + dolomite = 
forsterite + calcite at total pressure of 3 kbar (b) At 5 kbar (1) determined experimentally, (2) 
calculated from equation 5, (3) calculated from equation 4, both assuming ideal mixing of CO, and 


H,O (after Metz, 1976). 
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experimentally determined and calculated equilibrium as the total pressure in- 


4Me,Si,0 (OH); + § CaMe(CQ;), = 5 CaMgSi.0,; + 6 Mg2Si0, + 

v BIVt4w LUV 4 472 Fe WALES we’ Sf2 ey NM mis tO ad OL’ 

talc dolomite diopside forsterite 10CO,+4H.20 
Sep open 


fluid 


has been studied by a solid-phase buffer technique (Skippen, 1971) at various 
pressures between 0:5, and 2:6 kbar. The equilibrium curve can be represented by 
the equation: 





-75 400 1-438(P - 2000) 
logio K = log (feo,)'fuso)* = 7 + 133-7 + a 
(T in degrees Kelvin, P = total pressure in bars) 
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Skippen has also applied this experimental technique to the reaction tremolite + 


ii dolomite = 8 fosterite + 13 calcite + 9 CO, + H.O investigated by Metz 
(1967). Skippen’s expression for the reaction is 


opie (f..)°(f,.) = ~ 80823 + 128-5 + 0°785(P - 2000 


1U Vco.7 VH20 T . “ T 


A plot of logio (7, » (fu,o) Versus 10°/7(°K) is in very good agreement at high 
K values but shows a progressive deviation at lower values of K when compared 
with the data reported by Metz. 

Other assemblages stable in the system CaO-MgO-SiO,-CO,-H,0, in the 
temperature range 350-650°C and pressures (Py.4 + Poo, = Protas) between 0°5 
and 3:0 kbar, including 





forsterite- tremolite—diopside-caicite- dolomite 
forsterite - talc- tremolite-calcite- dolomite 
forsterite — enstatite-— tremolite- diopside- dolomite 


forsterite-—enstatite—talc—tremolite— dolomite 
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bulk compositions in the Si0,-CaCO;-MgCO; triangle at pressure of 0°5, i, 2 
and 3 kbar are illustrated by T-X,,, sections. 

Equilibrium relations for the phases forsterite, calcite, dolomite, quartz, 
tremolite, diopside, K-feldspar, phlogopite and a CO,-H20 rich vapour have 


been observed by Rice 1977 7) a nd include the following reactions in which 


Ca MgSi i206 + 3CaM Ag(CO3)2 =2 Mg2Si0, + +4 CaCO; + 2CO? (1) 
diopside dolomite forsterite calcite 
Ca2Mg;Sigs022.(OH)2 + 11 CaMg(CO;)2 = 8 Mg2SiO, + 13 CaCO; (2) 
tremolite +9CO,+H.20 
AM LARK mom LmrTIN LLIN ALNSN 11 MILA AKO mm 1A AAR m™ 4N 
3 Ca2zMigsoigU22(00 m2 TOS CaCO; F 11 CaM goi206 T 2 Mig 2104 (3) 
+5CO,+3H20 
Mg;Al.2Si3;0;0(OH)s + 2 CaMg(COs;)2 = 3 Mg2SiO, + MgAl.O,4 (4) 
chlorite spinel 


+2 CaCO; +2CO.+4H.,0 
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2CO,+12H20 
11 Mg;Al2Si3010(OH)s + 4CaCO; =17 Mg,2SiO, +2 Ca.Mg;Sis022(OH),. (6) 


+ 11 MgAi,0,+4CO,+42H,0 


The P- T invariant Curves for the reaction 

Mg2SiO, + CaCO; = CaMgSiO, + MgO + CO, 

forsterite calcite monticellite periclase 

at P.., between © 90 and 660 bar and temperatures of 725-925°C have been 
determined by Walter (1963b); (see also monticellite section). Turner (1967) 


calculated from the available thermochemical data the curves of univariant stable 
equilibrium for the reactions: 
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3 CaMg(CO;)2 + CaMgSi.0¢ = 2 Mg2SiO, + 4CaCO; + 2 CO, 


dolomite diopside forsterite calcite 

A Mak + BRAej~ GE’) — 4 S13 ARON LA LIN 
2 CaCO; + CaMgsSi.0c6 + Mg2SiO, = 3 CaMgSiO, + 2 CO, 
calcite diopside forsterite | monticellite 


at 0, 0°5, 1-Oand 1°5 kbar P,,. 
Experimental data for the decarbonation reaction: 
MgCoO; + MgSiO; = Mg.SiO, + CO, 
and isotherms of RT Inf.o, versus pressure at 1200, 1400 and 1600°K derived 


from the equatio 
BAWARE LAWS equ ation 


AG®, ,= AG? + feAV,dP + RT Infeg 


— vetV2 


(AG, ; standard Gibbs energy change at | bar, AV,, volume change of the solids, 


Seo,» ‘the fugacity of CO, with a reference state of l bar, R gas constant) have 


ha ntad hu LIlacaltan at a! (1079) 
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A comprehensive model, based on experimental studies, Schreinemaker’s rules 
and thermodynamic data, for the MgO-SiO0,-H2O0-CO, system has been 
developed by Ellis and Wyllie (1979). 

Solubility constants for periclase and brucite in chloride solution (Frantz and 


E.: gster 1072\ and the eci asiihetaiem av re ins 1OWAN. Far tha aniilihe 
LL mt PIAIMLL, Livy, LU UI equuior ium: 


ugster, 17/5), ar equinorium constant ( 
4/5 Mg,SiQ. + 2 HC! = 1/5 Moe-Si.0..LOH), + MoCl,+4/§ H,0O 
t/) Mg29104 7 Z mil 1/2) MQ3S1gO (Urape TF MgCl. T 4/9 Fi20 


Uwe CN. LISA 140 Gin 1 we 
72 WEP 2104 T LiCl 7214S 4,4) TF MBCl2 
The calculated solubility constants, log 
aaa O48 Ww U4 S44 Ew wwe eu eene y Ww BAUER EW save hy 
K=([(m. “im. V/(m__.)7] 
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at 1 kbar are 4°227, 2:774 and 0°610 at 400, 480 and 600°C respectively. The con- 
centration constants, determined experimentally, for the equilibrium: 


2 Mg3Si,O10(OH)2 + 8 H20 = 3 Mg2SiO, + 5 HaSiOg,,, 


at 1 kbar and temneratures between 475 and 600 °C are in good a 
aspe v¥ wwaen 4 ovvu 4, 


and support the validity of, the calculated solubility constants. 
Solubility constants, based on the reaction: 


WY Mg SiO 1 2 HCI? = I M ~ + ey SiO +H m™ 
120104 igC Daa Xaq) 2 
“f' nA 9-N Lha ha aye haan determin al tha tammaratura rananan ATE 
at 1 Vy i a) ana & V AUVaG@I Have UU ULLUIIL nea in tne WilipULlalul a Igvs +i J 


575 °C, 500-600 °C a nd 4 400-650 °C respectively by Frantz and Popp (1978). 


Forsterite- diopside system. Relationships on the join forsterite- diopside have 
been determined at 1 atm and 20 kbar (Kushiro, 1964a) and at 40 kbar (Davis, 


1964), The system is nseudobinary, as forsterite and dionside both show some 
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solid solution (in forsterite some Mg is replaced by Ca) the compositions of which 
do not lie on the join. Meiting temperatures of both phases increase with pressure 
(Fig. 63) and the piercing point at 20 kbar occurs at a temperature of 1625 °C and 
composition Fo2;Di7; compared with 1385 °C and Fo,;Digy at 1 atm. At 40 kbar 


the temperature at the piercing point is 1745 °C, but the shift in comnoacition. to 
aw ewass pws CACLALw C1U LEW piwiwisis KRY int gv a eebw VARERL ASL wwssspy sition, ew 


Fo27Di73, is small. 
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Fig. 63. on; diagram of the system forsterite - diopside at 1 atm and 20 kbar pressure (after 


Kushiro, 1964a). P = piercing point. 


Phase equilibria at 30 kbar on the join forsterite- diopside in the presence of 
more than about 20 wt. per cent CO? (Eggler, 1975b) is of interest in understand- 


mo neridatite—carhnanate ralatinnchine In tha MA ain ch nart af the cyctam 
11S PeLIUVULle MW VGLUUIALY LEIGLIVINOMIpD. al tie Mg,2Si0.- r 1e¢n Part Vi tie Oyo 
the low- -temperature assemblage, enstatite + dolomite + magnesite solid solution 


+ vapour is replaced, at 1210 °C, by the higher temperature assembiage con- 
sisting of forsterite + enstatite + dolomite + vapour consequent on the reaction: 


MgsiO; + MgCO; = Mg,2SiO, + CO2 


The experimentally determined curve for the reaction (Newton and Sharp, 1975) 
gives a temperature of about 1240°C at 30 kbar. Partial melting of the forsterite 
+ enstatite + dolomite assemblage takes nlace at 1245°C and gives rise to the 
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association forsterite + enstatite + liquid + vapour by a second reaction: 


enstatite + dolomite = forsterite + liquid + vapour 


Forsterite- diopside- silica system. This system was first studied at 1 atm by 
Bowen (1914). A more recent investigation of the system (Kushiro, 1975) substan- 
tiated most of the liquidus relationships previously reported by Bowen and also by 
Kushiro and Schairer (1963). The phase equilibrium conditions at 30 kbar under 


both anhvdrous and hvdrous conditions have heen determined by Kushiro (1969) 
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With increasing dry pressure the forsterite- pyroxene liquidus boundary shifts 
towards forsterite and the composition at the junction with the forsterite -diop- 
side join moves from 13 wt. per cent at 1 atm to 28 wt. per cent Mg2SiO, at 20 
kbar. The phase relations in the CO,-saturated system (Fig. 64) lead to an even 


more dramatic shift of the forsterite—-pvroxene liquidus towards the 
w WO 442404 FL Washed Wa visawy AWA UtWE AL RPJitvawssw aang usauun Tw V¥ 44 UD eilw 


Mg2Si0,-CaMgSi2O¢ boundary and at '5 and 30 kbar intersects the join at * 30 
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Fig. 64. Estimated positions of phase field boundaries for CO,-saturated, H,O-saturated and 
volatile-absent conditions on the join Mg,SiO, - CaMgSi,0, ~ SiO, (after Eggler, 1974). 


and 47 wt. per cent Mg.SiO. respectively (Eggler, 1974). Under hydrous condi- 
tions increasing P,,. is accompanied by a shift toward the silica apex of the 
system with a consequent enlargement of the compositional range of the olivine 
phase field. The addition of 2-3-5 wt. per cent P.O; to the forsterite- diop- 


side-silica svstem under water excess conditions leads to a shift in the 
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forsterite - enstatite solid solution liquidus boundary towards the forsterite- diop- 
side join (Kushiro, 1972). A similar shift of the forsterite-enstatite boundary 
away from the SiO, apex occurs in the system Mg2SiO,~ NaAISiO.-SiO.-H20 
at 20 kbar under excess HO conditions with 3-1 + 0°3 wt. per cent P2Os (see also 
Mysen, 1977c). 

Forsterite- diopside- anorthite system. The phase relations in the forste- 
rite- diopside- anorthite system at 1 atm were originally determined by Osborn 
and Tait (1952). Subsequently slight revisions have been made by Kushiro and 
Schairer (1963). and more recentlv by Presnall, Dixon et al. (1978). 
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At | atm the isobaric quaternary invariant point at which forsterite, diopside, 
anorthite and liquid are in equilibrium is located close to the diopside- anorthite 
join, the liquid having a composition of @ 7°6 forsterite, 49 diopside and 43°4 wt. 


per cent anorthite. Spinel crystallizes from some liquids rich in anorthite, close to 
the farcterite— anorthite inin. hut is a transient nhase onlv. and reacts to forsterite 


Psd AWEOEWAALY CRARUS UAREES JUEEdy VEE 20 Ge bk Hes ewene Pcs Wake 7g Sees A wwe wr Bre we ee 


and anorthite if the liquid crystallizes under conditions of equilibrium. 

With increasing pressure the forsterite and anorthite fields contract, and at © 5 
kbar the quaternary isobaric invariant point at which forsterite, diopside, anor- 
thite, spinel and liquid are in equilibrium moves towards the silica-rich side of the 
euvctam The niercing points at 1 atm. forsterite. dions ide, anorthite, liquid, and 
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Fig. 65. Liquidus phase relations in the join Mg,SiO, - CaMgSi,0, - CaAl,Si,O, (a) at 1 atm, (b) at 
7 kbar, (c) at 15 kbar, (d) at 20 kbar (wt. %, Tin °C) (after Presnall, Dixon ef al., 1978). 


and diopside, spinel, anorthite, liquid at 7 kbar (Fig. 65). The primary phase field 
of anorthite disappears from the system between 15 and 20 kbar (Fig. 65c, d) 


(Presnall, Dixon, et al., 1978). 
The transient nature of the crystallization of spinel in the system 


forsterite- diopside - anorthite at 1 atm does not, however, extend to composi- 
tions within the system forsterite- diopside - anorthite- silica containing smaili 
(0-1 to 1°6 wt. per cent Cr.O;) amounts of chromium. Under these conditions a 
Cr-bearing spinel solid solution is stabilized and olivine and chromite crystallize 


cotectically along paths that are dependent on the concentration of Cr2O; in the 


forsterite, anorthite, spinel, liquid, change to forsterite, diopside, spinel, liquid 


we eS HALLS 


liquids (Irvine, 1977b). 
The solidus curve from i atm to 20 kbar for a simpie lherzolite composition in 


the system CaO-MgO-Al,0;-SiO2, and in particular the invariant point at 
1300°C and 9 kbar (Fig. 66), defined by the intersection of the solidus and the 


plagioclase to spinel lherzolite transition curve, has been determined by Presnall 


etal. (1979). The compositions of liquids along the solidus curve are illustrated i in 


ae 


the three projections of the tetrahedron, forsterite- diopside- anorthite- SiO, 
(Fig. 67). Between 1 atm and 9 kbar the amount of normative plagioclase of the 


first melting liquid along the solidus increases and the amounts of diopside and 
quartz decrease as the liquid composition changes from the quartz to the olivine 
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CaO - MgO - ALO; - SiO, (after Presnall et al., 1979). 
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iquids along the solidus curve of Fig. 66. Numbers indicate pressure in kbar (after Presnall etal., 
979). 
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normative forsterite and depleted in anorthite and enstatite with little change in 
the content of diopside. Presnall et a/. discuss the experimental data with respect 
to melting experiments on more complex compositions, the amount of fusion and 
the effects of mantle heterogeneity, and the generation of Mid-Ocean Ridge 
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Forsterite- anorthite. The assemblage forsterite- anorthite is unstable at high 
pressure. The upper P-7 limits for the i : i forsterite- anorthite composition 
(Kushiro and Yoder, 1966) occur at 8 and 9 kbar and 1100 and 1300°C respective- 
ly due to the reaction: 


2Mg2SiOg+ 2CaAl2Si,0, = CaMgSi.O¢. xCaAl2SiOg + 


forsterite anorthite Al-diopside 
2MeSiO3.xMgAl,SiOgt (1 — x)CaAl.Si20¢8 + (1 — x)MgAl.O. 
Al-enstatite anorthite spinel 


The univariant reaction: 
(2 — x)CaMgSi.0¢.xCaAl.SiOg + (4 — 2x)MgSiO3.xMgAl.SiOg 


Al-diopside Al-enstatite 
+ (2 — 2x) MgAl,O, = 2CaMg_?Al,Si30;2 + (2 — 2x)Mg2SiO, 
spinel garnet (Py.Gr,) forsterite 


has been investigated by Kushiro and Yoder (1966). Using a starting mixture of 


Camnneatinan 9° 1 fmalasinlar ratinay farctarita_ annrthita under anhudraiic eandi_ 
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tions they found that the pressure- temperature gradient is given by dP/dT = 25 
bar/°C (Fig. 68). The above reaction has also been studied by Jenkins and 
Newton (1979). Their investigation was made in the presence of free aqueous 
vapour over the temperature range 870- 1040°C. The data are based on a Starting 
mivture af clinnanurnvanse (CatAaGi.a (Ca A1.GIO.\,. NA .91.O_\. ..- 
MMALULYE Ud cunopyroxene, (CaMgSi2.0.6)o. 773- (VaAl 251 6)0- 127- (Mg2Si206)0.100; 
orthopyroxene, (Mg2Si2O6)o.8s2.(MgAl2SiO«¢)o.1:8, forsterite, and garnet com- 
positions between Pyo.94Gro.o6 andPyo.s3Gro.17, when the balanced reaction is: 


11rn wo mn 1A 


Pyo.ssGro.is5 + 0°76 forsterite = 1:5 orthopyroxene 
+ 0°5 clinopyroxene + 0°76 spinel 


The calculated slope of the reaction, dP/dT = 4:54 + 2:7 bar/ °K (Fig. 68) is con- 
siderably smaller than the earlier value, 25 bar/ °C, of Kushiro and Yoder but in 
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Fig. 68. Pressure-temperature plane for the 1:2 composition (molecular ratio) of anorthite and 
forsterite (after Kushiro and Yoder, 1966). 


112 Orthosilicates 


closer agreement with that calculated by Obata (1976) and Herzberg (1978). The 
reaction has also been studied by Jenkins and Newton using a mixture of natural 
olivine and garnet and the results, together with those of O’ Hara et al (1971) and 
Takazi et al. (1972) for systems simulating natural peridotite, are also illustrated 


in Bia 60 (See alen nurgne cectionn $12) 
IN Pig. OF Woee aiSO PyrOpe Secuon p. 1G.;. 


The reaction relationship between olivine and plagioclase is not independent of 
the presence of other phases, and the pressures and temperatures at which the 
reactions take place, as well as the products of the reaction, are affected by bulk 
composition. Thus whereas the reaction ro terite + anorthite = Al- diopside + 
Al-enstatite + spinel + forsterite occurs at about 9 bar at 1250°C the fayalite + 
anorthite reaction: 
2Fe2SiO,g + CaAl2,Siz03 = CaFe2Al2Si;0;2 + Fe2SiO, 


takes place between 7 and 7°5 and 6 and 6°S kbar at 1050 and 900 °C respectively 


(Green and Hibberson, 1970). 
The reaction between forsterite and labradorite 


8Mg2SiO, + 3CaAl2Si203.2NaAlSi3;03 = 3CaMgSi206.2NaAlSi20¢ 


rs 
ak 
Oo 


a 


forsterite labradorite omphacite 
+ 10MgSiO; + 3MgAlI.,0, 
enstatite spinel 


occurs at a higher pressure, 11 kbar at temperatures between 1100 and 1200°C, 
than the forsterite + anorthite reaction. The boundary pressures for these reac- 


tions may, however, be lower in natural environments (see 
gaawea Ww AU ywww 


n 
VEEL BEAT yp AAW TVW why We AW TV wh 25k LAtOL ur al waeat aasa a vr 


p. 267). 
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Fig. 69. Experimental and theoretical curve for the spinel peridotite to garnet peridotite transition in 
the system CaO- MgO - Ai,0; - SiO,. (1) experimental data (Jenkins and Newton, 1979); (2) (O'Hara 
et al., 1971); (3) and (4) theoretically calculated curves by Herzberg (1978) and Obata (1976) respec- 
tively in systems simuiating naturai peridotite; (5) (Jenkins and Newton 1979); and (6) (Takazi ez ai., 
1972) (after Jenkins and Newton, 1979). 
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The forsterite- anorthite reaction has been determined experimentally for com- 
positions in the system MgO-CaO-Ai.,0;-SiO., (Herzberg, 1976). The 
univariant boundary AA’ in Fig. 70 was obtained from runs carried out in inter- 
nally heated gas pressure media, and the boundary BB’ using solid media equip- 


. . 
ment. Foarcterite and anorthite were ohtained on the low nreccure cide of the 
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boundaries from the reaction of clinopyroxene, orthopyroxene and spinel, and in 
the higher pressure fieids, the latter phase assemblage from the reaction of 
forsterite + anorthite. 

Other relevant studies of the olivine- plagioclase reaction include those on 


natural rock compositions by Green (1967) and Green and Ringwood (1967a); on 
avn wwispy Weta BWwwAl GALLN4 AX. a16t 


basalts by Cohen ef al. (1967), Holloway and Burnham (1972) and Thompson 
(1974); on the gabbro- eclogite transformation by Yoder and Tilley (1962); and 
Irving and Green (1970); on basic inclusions in the Delegate breccia pipes by Ito 


and Kennedy (1967); on peridotite by Ito and Kennedy d Great on basanite by 


Bultitude and Green (1968): on hawaiite by Knutson and Green (1975): and on 
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eucritic meteorites by Stolper (1977). 

The suppression of olivine as a liquidus phase at pressures of approximately 6 
kbar, in melting experiments on two high-titanium Apollo 17 mare basalts has 
been reported by Longhi et a/. (1974). 


The effect af the iran content of alvuine and t e repla cement af Al hy Fe3t in 
The effect of the iron content of olivine and the epiacement Of Ai oy re” in 


spinel on the reaction forsterite + anorthite = diopside + enstatite + spinel in reac- 
tion zones around mafic lenses in the chromite-bearing forsterite- 
enstatite- tremolite metaperidotites adjacent to the contact of a gabbroic phase of 
the Mount Stuart Batholith, Icicle ane Washington (see section on 
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Fig. 70. The: forsterite + anorthite = clinopyroxene + orthopyroxene + spinel boundary in the system 


MgO - Cad - Al,0;- Sid, (af ter Herzberg, 197 76). Univariant boundary AA’ obtained from Fuas 11 in- 
ternally heated gas pressure media, BB’ using solid media equipment. 
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Forsterite- anorthite- silica system. The phase relations in this system, original- 
ly determined by Andersen (1915), and subsequently slightly modified by Irvine 
(1975a), are illustrated in Fig. 71. Irvine’s investigation of the Mg2SiO,- 
CaAl,Si208- SiO» system is confined to compositions relevant to haplobasaltic li- 
quids and forms part of a study of the forsterite- anorthite-orthoclase-silica 
system. This study, together with that of haplogranitic compositions on the join 
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Fig. 71. Liquidus phase relations in the system Mg,SiO,- CaAl,Si,0, -SiO,, modified from Ander- 
sen (1915) (after Irvine, 1975a). 
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Fig. 72. Projection from Ors.Qz44 of the system forsterite- anorthite - orthoclase- quartz showing 
liquidus boundaries for Org (heavy shading) and Orzo (light shading). Curves A- A’ and B-B’ 
olivine/enstatite- anorthite cotectics for Or, and Orzo respectively (after Irvine, 1975b). 
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KAISi;03-SiO2 was undertaken to evaluate the effects of mixing basaltic and 
granitic liquids (Fig. 72), and showed that the addition of moderate amounts of 
granitic liquid to basaltic melts enhances the crystallization of forsterite in rela- 
tion to that of anorthite. This is due to a shift in the position of the 


Ff, ot ta thitea ratact in th « 
forsterite- anorthite cotectic in the direction of the anorthite-SiO, join so that 


forsterite continues to crystallize from haplobasaltic melts even when con- 
siderable salic contamination has occurred. The liquidus boundary curves be- 
tween forsterite and protoenstatite in the system Mg.SiO.-CaAl,SiOg- SiO, at 
20 and 30 kbar have been determined by Kushiro (196S5a). 


Richi (107Aa)\ ha t ta 
MUSTO (iz /4ay aS investigated the phase equilibria at 15 kbar on the join 


forsterite- plagioclase (AbsoAnso)-silica-H2O. The liquid surface in the 
presence of vapour shows the presence of a small pargasitic amphibole field close 
to the plagioclase composition, with forsterite, enstatite solid solution (Al.O; 
2°5-4°5 wt. % depending on temperature), and amphibole coexisting with liquid 
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with the liquid at approximately 980°C and is consumed, and a diopsidic 
clinopyroxene, enstatite solid solution and amphibole crystallize. With the addi- 
tion of 10 wt. per cent of the KAISi;03 component to the system, the piercing 
point (A) shifts slightly to the Plagioclase- silica join (B). The normative com- 
position of the piercing point, Q 7:7, Or 10°0, Ab 33°8, An 33°8, En 14°8, is ap- 
proximately the same as that of the glass obtained at 19-5 kbar and 1100 °C from 
a natural lherzolite (Mysen et al., 1974), and suggests that liquids close to calc- 
alkaline andesite in composition could be obtained by the partial melting of spinel 
lherzolite under conditions with excess water. 
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Fig. 73. Liquidus boundaries of the system Mg,SiO,-(CaAl,Si,0, 50, NaAlSi,O, 50 wt. 
%)-SiO,-H,O at 15 kbar. Point A (1000°C + 20°C) is the piercing point for forsterite + enstatite 
solid solution + amphibole + liquid + vapour. Dashed boundaries near the plagioclase - silica join 
have not been determined (after Kushiro, 1974a). 
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The phase relations in the systems CaO-MgO-SiO.-CO,, CaO- 
MgO - SiO.-H,O0-CO, and CaO-MgO- Ai.0;-Na,0-Si0.,-CO, have been 
investigated at considerably higher temperatures and pressures (Eggler, 1975b, 
1977, 1978), and are of particular relevance to the partial melting of upper mantle 


ultramafic compositions in the presence of volatiles. For some compositions in 


the above systems mineral assemblages are separated by subsolidus decarbona- 
tion boundaries, as shown for example in Fig. 74 illustrating the relationships for 
the composition Foso.oDi2¢6.9En23.; as a function of the volatile component at a 
pressure of 31 kbar. Here the subsolidus assemblage forsterite + enstatite + diop- 


ide + daolamite + vanour enarated hy cuch a honnda 
side + dolomite + vapour is separated by sucn a boun Gary from the forsterite + 


enstatite + diopside + vapour field at temperatures below @ 1195 °C when it melts 
to forsterite + enstatite + diopside + dolomite + liquid, and is vapour free due to 
the high solubilities of CO, and H.20O in silicate melts at pressures greater than 30 
kbar. 
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Fig. 74. Phase relations for the composition F059 .9Di...9En,5., at 31 kbar pressure as a function of 
volatile composition. Abscissa does not indicate vapour composition; data obtained from runs with 
10- 12 wt. per cent volatiles (H,O0 + CO,) added (after Eggler, 1977). 


On joins in the CaO-MgO- Al,0;-Na20-SiO2-CO2 system, the olivine 
phase fields occupy smaller volumes, due to the expansion of the pyroxene phase 
fields, in the CO2-free joins. In consequence the compositions of the liquids at in- 
variant reaction points are less rich in silica than the corresponding liquids ob- 


tained when volatiles are absent or when HO is present in the system. The phase 


relationships in these CO2-bearing systems have an important bearing on the 
possible origin of nephelinitic and basanitic liquids, and such magma, if derived 
from the partial melting of peridotite would have a significantly smaller 
minimum depth | of origin in the presence of CO, than if derived under either 
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anhydr ous OF hydr OuS COndaictions. 
An investigation of CO,2-saturated melting behaviour for some joins in the 
system Na,0-CaO-MgO-Al.0;-SiO.-CO2 have been presented by Eggler 
(1974, 1978). The estimated phase field boundaries in the join Mg2SiO,- 
NaAlSiO.- SiO: at 20 kbar for excess- -CO2 conditions are illustrated in Fig. 75. 
liquid at the nnivariant 


Oly net 
Under EXCESS-C U2 conditions the composition of the YUM ae tne UNnivariant 


point lies closer to the Mg2SiO,- NaAISiO, join compared with the volatile ab- 
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sent univariant point and even more so compared with excess-water conditions. 
The results of quenching experiments on the composition Fo;sNeé62(SiO2)20 wt. 
per cent with about 20 wt. per cent CO, are shown in Fig. 76. This CO2-free com- 
position was used because under volatile-absent conditions it lies across the 
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olivine- orthopyroxene divalent boundary curve at 30 kbar and is close to the 
isobaric invariant point at which olivine, orthopyroxene, jadeitic clinopyroxene 
and liquid coexist. The liquidus phase changes from olivine to orthopyroxene 
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Fig. 75. Estimated position of phase field boundaries on the join Mg,SiO,- NaAlSiO, - SiO, at 20 


kbar pressure for excess-CO,, excess-H,O, and volatile-absent conditions (after Egaler, 1978). 
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Fig. 76. Results of quenching experiments for composition Fo,3Ne..Q29 wt. per cent with > 20 wt. 
per cent CO, (after Eggler, 1974). 
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under these excess-CO, conditions and occurs at some 7°5 kbar lower (at 2 22°5 
kbar) than with volatile-free conditions. Similarly compositions on the join 
Mg2SiO.u- CaAl,SiO¢- SiO2, in the presence of CO2, show a shift of the liquidus 
field boundary between olivine and orthopyroxene to lower pressures relative to 


Forsterite- anorthite- albite (-Akermanite) systems. The phase relations in the 
forsterite- anorthite-albite system at | atm are shown in Fig. 77. The system is 


pseudobinary and contains a piercing point at 1290°C, at “which temperature 
three solid phases, forsterite, plagioclase and spinel coexist with a liquid of com- 


position Fo22Ab32An4¢ (Schairer and Yoder, 1967). 
In the forsterite- anorthite-akermanite system (Yang e , 1972) forsterite 


mM mm he ec alen ¢ 
solid solution, due to some replacement of Mg by Ca (the s vaton also contains a 


small field of monticellite), is the first phase to crystallize from a wide range of 
composition. The olivine may occur in assemblages containing anorthite, 
melilite, aluminiam diopside and spinel (Fig. 78). The association aluminian 
diopside- spinel is isochemical with forsterite-anorthite-akermanite, and the 


reaction can he exnr ed by the eau atio 
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diopside rue forsterite anorthite akermanite 
or more precisely, due to the effects of solid solution as: 


Al-diopside + spinel = forsterite,, + melilite + anorthite 


Systems including feldspathoids. The forsterite-leucite- silica system is of sim- 


anes 


ple eutectic type. The ternary eutectic occurs at 1456°C at the composition 
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Fig. 77. Equilibrium diagram for the system forsterite - anorthite - albite at 1 atm (after Schairer and 
Yoder, 1967). 


Olivine Group: Olivine 119 


Forsterite 


a 


{ \ 


/ /\ 
f- monticellite / spinel \ 
i 


OES “SS 
> Al- diopside “fs 267° 7 \ 





ALarmanite Anarthit 
AKCTManite ANOPUL 


Wt. per cent 


fa 


Fig. 78. Liquidus phase reiations on the join forsterite- anorthite-akermanite (after Yang ef ai., 


Mg2SiO. 19, KAISi,0. 66, and SiO, 15 wt. per cent (Luth, 1966). Melting and 
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subsolidus pliase Te1ations at LellLpel atur os between 700 alu 12ZUU \ allU Pressures 
up to 3 kbar in the forsterite- kalsilite- silica- H.O system have been presented by 
Luth (1967), and subsolidus and liquidus relations at pressures up to 30 kbar in 
the system Mg2SiO.z- KAISiO,-SiO02-CO. by Wendlandt (1977a). 


a — id 


The crystallization of forsterite in the system K,O0-MgO-SiO, (Roedder, 
1951a) is not of great petrogenetical importance. Its formation under equilibrium 
conditions from some liquids in this system is, however, of interest in showing 
multiple recurrent crystallization. Unlike the recurrent crystallization of olivine 


under conditions of fractional crvuctallizatiogn in the cvetem MaQ— FeQ-—SiQ, the 
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composition of the olivines is unchanged and the recurrent crystallization is 
related to the geometry of the equilibrium diagram. 

Phase relations in forsterite-diopside-leucite and forsterite-leucite-aker- 
manite systems have been presented by Gupta (1972). In both systems forsterite 


. ar ° ‘ ae 
hac a cmall amount of maoanticellite in colid colution. occunies a large comnocition 
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field, and coexists with diopside + leucite + liquid and leucite + akermanite + li- 


quid at 1296 and 1286 °C respectively. 
In the system forsterite-nepheline-silica (Kushiro, 1965a), the phase 


assemblages crystallizing from the composition Mg2SiO« 18, NaAlSiO, 62, SiO, 
20 wt. per cent have been shown to be pressure dependent. Thus at 10 kbar at 
1100 °C the assemblage consists of forsterite, nepheline and albite, and at 12 kbar 
forsterite and albite coexist with nepheline and enstatite. Above 15 kbar forsterite 


is not stable, and the assemblage in the pressure range 15-20 kbar consists of 
nepheline + albite + enstatite. Thermochemical data for the pure compounds 
have been used to evaluate the relationship between temperature and pressure for 
the equation of the reaction: 


2Mg2SiO, + NaAlSi,O¢8 = NaAlSiO, + 4MgSiO; 
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giving P(bars) = 3°57(°C) + 1760 which is not inconsistent with the experimental 
data. 
There is a small forsterite field in the dionside- nepheline- akermanite system 


(Onuma and Yagi, 1967), in which forsterite occurs in association with diopside 
solid solution + melilite + liquid, and nepheline + melilite + liquid at the piercing 
points A and B at 1212 and 1169°C respectively (Fig. 79a). The accompanying 
flow diagram (Fig. 79b) shows that at temperatures below 1135 °C, and including 
compositions within the primary forsterite field, the olivine reacts with the liquid 
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and is consumed possibly iby the: reaction: 
Mg.SiO, + 3CaSiO; = CaMgSi.0, + Ca.MgSi.07 


(2 ne ta fen Fin Smemcial Lame nliliend 
Uorsterite) (in liquid) (diopside) (melilite) 
The resorption of olivine in appropriate liquid compositions on the 


nepheline - diopside- anorthite join has been noted by Schairer et al. (1968) and 
the effect of the forsterite - liquid reaction on liquid trends in the forsterite - diop- 
side- nepheline-albite-leucite system and its bearing on the differentiation of 
nepheline- and leucite- bearing mafic and salic magmas have been discussed by 
Sood and Edeoar (1972), A reaction relationshin at 1 atm between forsterite and 
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silica-poor liquids i in the CaO- MgO- Al,O 3- SiOz system has been described by 


U' Friata and Biggar (1909), and in conjunction with the anorthite- liquid reaction 
in the same system is regarded as a possible means whereby liquids can be derived 
capable of producing a diopside- melilite- spinel assemblage. 

Forsterite occurs as a primary phase in part of the system diop- 
side- nepheline-akermanite- silica (Onuma and Yamamoto, 1976). The 
forsterite field is bisected by a thermal barrier and contains an invariant point at 
1140°C at which forsterite, diopside, melilite and nepheline coexist with the li- 
quid. At this point forsterite reacts with | the liquid. The crystallization path for 
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Fig. 79. (a) Phase equilibrium diagram of the system diopside - akermanite-nepheline. (b) Flow 
diagram of the system diopside - 4kermanite- nepheline (after Onums and Yagi, 1967). 
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forsterite + liquid — forsterite + diopside + liquid > forsterite + diopside + 
melilite + liquid —~ forsterite + diopside + melilite + nepheline + liquid at the 
reaction point > diopside + melilite + nepheline + liquid, in which stages 3, 4 and 


5 correspond with the differentiation trend olivine melilite ~ olivine melilite 
nenhelinite ~ melilite nenhelinite, On the silica-rich side of the thermal barrier 


shw pr sswassaae ee 


the sequence is olivine associated successively with liquid, diopside + liquid, diop- 
side + nepheline + liquid to the olivine-free association diopside + nepheline + li- 
quid corresponding with the differentiation trend olivine nephelinite > 
nephelinite. 


Other systems. The solid and liquid equilibria relations for the 1:1 molar com- 
position forsterite- pyrope determined by MacGregor (1964) are shown in Fig. 
80. The equations for some of the reaction curves are: 


4MgSiO; + MgAl,0,4 = Mg,SiO, + Mg3Al.Si30;2 (1) 
T(?°C) = 0:054 6 P(bar) — 173 

4 enstatite + spinel = forsterite + spinel + liquid (2) 
T(°C) = 0:005 69 P(bar) + 1497 

forsterite + spinel + liquid = forsterite + liquid (3) 


T(PC) = 0°005 33 P(bar) + 1 560 


forsterite + spinel 


re i eee forsterite 
1400 + liquid ’ 
TEC) liquid 

1200 [ enstatite / | 


Pressure (kbar) 


Fig. 80. Equilibrium relations for the molar composition 1: 1 forsterite, pyrope (after MacGregor, 


1964). 


An investigation by Danckwerth and Newton (1978) of the univariant high- 
pressure reaction spinel + aluminous enstatite = forsterite + garnet in reaction (1) 
above has shown that the equilibrium pressure is 19°3 + 0°3 kbar at 1000 °C, and 


the average dP/dT slope 8:0 bar/°C in the temperature range 900-1100 °C, con- 
siderahly lower than the IN har/°C faund hy MacQGreanr (107A4\ 
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Other systems in which reaction relationships between olivine and pyrope and 
spinel have been noted include the CaO - MgO - Al.03- SiO, (MacGregor, 1965a, 
b) and forsterite-diopside-pyrope (Davis and Schairer, 1965) systems. Sub- 
solidus equilibria and melting temperatures in the former have been investigated 
by Biggar and Q’Hara (1970). The system inclidec the accemhlage farcterite 
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taining up to 13 mol. per cent CaMgSiO, in solid solution, monticellite with 22 
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mol. per cent Mg2SiO,, spinel and periclase; the assemblage melts at about 
1425 °C. 

Forsterite also occurs as a liquidus and subsolidus phase at 1 atm on the join 
diopside- spinel. The two phases are isochemical with forsterite + anorthite + 


mahlita and with farctarite 4+ ga arnet: 
RRAWSALALY GALLUS WHALEEL EWR OLUEALY OF ea iivl. 


7CaMgSi20¢ + 4MgA!,0, = 5Mg2SiO, + 3CaAl,Si20¢2 + 
Ca,MgSi,0,.Ca,Al,SiO, (1) 
2CaMgsSi2,0.6+ MgAl.,0O, = Mg2SiO, + Ca2.MgAl,Si3;0;2 (2) 


In the system CaMgSi20c- Ca2MgSi.07- CaTiAl,0¢ (Fig. 81) forsterite occurs 
in two assemblages, with diopside,, + akermanite,, + liquid at 1268 °C, and with 
akermanite,, + perovskite + liquid at 1240°C. Three sections of the system, con- 
taining 10, 20 and 30 wt. per cent CazMgSi.O7 have been studied by Onuma and 


Yagi (1971). In each compositional section a forsterite-liquid reaction occurs 
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that leads to the complete resorption of forsterite prior to ‘the solidification of 
such meits, and is relevant to the differentiation sequence of undersaturated 
mafic alkalic liquids, and particularly to the development of the olivine 


melilitite > olivine-melilite mephelinite > melilite nephelinite rock series (see 
also Onuma and Yagi, 1977). 
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In the system CaMgSi20¢- CaAl,SiOg- CaTiAl2O¢ also, forsterite is consumed by 
reaction with liquid, and does not occur at subsolidus temperatures (Onuma and 
Kimura, 1978). The olivine liquidus field separates two distinct pyroxene fields, one a 
diopside the other a Ti-pyroxene solid solution, and is restricted to compositions rich 
in the CaMgSi2Oc6 component o of the system. Forsterite coexists with perovskite, T li- 
pyroxene solid solution and liquid at 1235 °C (Fig. 82, point A), and with diopside 
solid solution, Ti-pyroxene solid solution and liquid at 1240°C (point B). The Ti- 
pyroxene solid solution has a composition similar to the pyroxene in the Ca-Al-rich 


inclusions i in the Allende meteorite, and the sequence of crystallization i in the system 
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Fig. 31. Phase equilibrium diagram of the join CaMgSi,0,-Ca,MgSi,0,-CaTiAi,O,. Phase 
boundaries determined from compositions along dashed lines at 10, 20 and 30 wt. per cent 
Ca,Mg8Si,0, (after Onuma and Yagi, 1971). 
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Fig. 82. Liquidus relations of the join CaMgSi,O,-CaAl,SiO,-CaTiAl,O, (after Onuma and 
Kimura, 1978). 


and its bearing on the possible mode of origin of the inclusions are discussed by 
Onuma and Kimura. 

Forsterite, diopside and merwinite occur as primary liquidus phases at pressures of 
about 11 kbar in the system Mg2SiO,-CaMgSi20.¢- Ca3;MgSi20O3- H2O (Warner, 
1975). The system includes an invariant point at 10°8 kbar and 1090°C involving 
the solid phases forsterite, diopside, monticellite and akermanite. 
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The extent of the solid solution of Ca2SiO. in Mg2SiO, has been determined 
experimentally by Yang (1973), and Warner and Luth (1973), and of monticellite in 
forsterite by Hatfield and Richmond (1970); details are given in the monticellite 
section. For phases in the system Mg2SiO4- Mn.2SiO, (Maresch et al., 1978), see 


tephroite section. 


Phase equilibria in the Mg2SiO,- Li,SiO, system and the subsolidus equilibria in 
the Mg.SiO4-Li,SiO4-SiO2 and Mg2SiO,- Zn2SiO4-SiO2 systems have been 
determined by West and Glasser (1971, 1972). 

The formation of forsterite, talc and spinel as breakdown products of clincochlore 


tee. 


in the pressure range 6- 20 kbar, 


+ 5MgAl.0, + 18H20 


was reported by Segnit (1963). The reaction was not reversed and it is unlikely that 
the breakdown assembiage is stabie. 

Forsterite, together with cordierite, spinel and vapour occur as breakdown 
products of magnesium-rich chlorites at water pressures up to 3 kbar, and forsterite, 
enstatite and spinel occur at higher pressures: 
5MgsAl2Si3010(0H)s > 10Mg2SiO, + Mg2Al,SisO3 + 3MgAl 
clinochlore forsterite cordierite spinel 


5Mg;sAl2Si30;0(OH)s > SMg2SiO,g + 10MgSiO; + SMgAlI.0, + 20H20 (2) 


clinochlore forsterite enstatite spinel 
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The P-T stability curve for the two reactions are given by Fawcett and Yoder 
(1966) as having dT/dP 2 0:05 bar/ °C and @ 0-007 bar/ °C for reactions (1) and 
(2) respectively. 

The univariant curve for reaction (1) has also been determined by Chernosky 
(1974), and the reaction bracketed at temperatures and pressures between 613 °C, 
0°5 kbar and 732°C, 3:0 kbar (Fig. 83). The curve for reaction (2) has been in- 


vestigated at higher pressures by Staudigel and Schreyer (1977) who also 


demonstrated that the reaction 
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Fig. 83. Reaction curves for clinochlore -> forsterite + cordierite + spinel + H,O (1), Chernosky 
(1974). Clinochlore — forsterite + enstatite + spinel + H,O (2), Fawcett and Yoder (1966) 


Clinochlore forsterite + enstatite pinel H,;O (2), Fawcett Yoder (1966). 
Clinoclore ~ forsterite + pyrope + spinel + H,O (3), Clinoclore > enstatite + spinel + forsterite + 
pyrope (4), MacGregor (1964), Clinochlore > cordierite + forsterite + spinel + H,O (5) (after 


Staudigel and Schreyer, 1977). 
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Fig. 84. Phase diagrams of the compositions of (a) tschermakite, Ca,.Mg;Al,Si,Al,0.,(OH):, and 
(b) ferritschermakite, Ca,Mg;Fe}’Si,Al,0,,(0H):, at various temperatures and pressures (after Oba, 
1978). 
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clinochlore = forsterite + pyrope + spinel + HO 
has a very steep negative slope of -930 bar/ °C. The invariant point A (Fig. 83) is 
located at 20°3 kbar 894°C. 

At pressures below about 11 kbar and 900°C, tschermakite (Fi 


+h aA +hiit 
down to the assemblage forsterite + orthopyroxene + anorthit 


1978), possibly due to the reaction: 
Ca2.Mg;3Al.Si¢Al2022(OH)2 = Mg2SiO, + MgSiO; + 2CaAl,Si,0¢ + H,0 
The breakdown of ferritschermakite, Ca2Me: 3Fe 2 SisAl2022(OH)2, is more com- 


plex (Fig. 84b), and the amphibole is replaced at high temperature and in- 
termediate pressures by olivine + clinopyroxene + Fe-oxides + vapour. The for- 
mation of olivine + liquid from the breakdown of crossite at temperatures above 


870 °C in the pressure range Py; O 1-2 kbar has been described by Koslowski and 


Hinrichsen (1979). 

The formation of forsterite from reactions involving phlogopite + H.O and 
phlogopite + H.O + CO, at 20 kbar, as well as other olivine-forming reactions 
in the system K,0-MgO-Al,03-SiO.-H2O-CO:, have been investigated by 


Wendlandt (1977b). 
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(Mg,Fe)-Olivines 
The synthetic olivines form a complete solid solution series (Fig. 85), the pure 


an ° tha ali, 19Ne4 Os 
magnesium mineral melting at 1890 Cc and t tie pure iron olivine at 1205 YW 


(Bowen and Schairer, 1935). The thermal relationship between forsterite and 
fayalite illustrates the effect on melting temperatures in a diadochic series of 
replacing an ion of smaller by one of larger radius. The cation- oxygen bonds are 
weaker for the larger cation of the same charge, and as more of the larger cations 
enter the structure there is a progressive reduction in the melting points of in- 
termediate compositions. Thus the first olivines to separate from a liquid of given 
composition are richer in Mg than those of later crystallization, and in conse- 
quence the larger Fe?* ions are concentrated in the residual liquids. The effect of 
the diadochic replacement of magnesium by ferrous iron on the heats of solution 
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Fig. 85. Equilibrium diagram of the system Mg,SiO, - Fe,SiO, (after Bowen and Schairer, 1935). 
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has been investigated by solution calorimetry (Sahama and Torgeson, 1949). The 
heats of solution range from the extrapolated value for forsterite of ~95380 
cal/mol to -81330 cal/mol for synthetic fayalite, and were found to be a linear 
function of the molar composition (Fig. 86), indicating a zero heat of i isomor- 


h Th lat hie F tha haat of list 
pious mixing. ane relationship of the heat of solution and composit ion is given 
by the equation: 


A H(cal/mol) = —81330 — 140°5 Xv, 


where Xx, is the mol. per cent Mg2SiO.. 


The conclusion that perfect thermal equilibrium is maintained during the 
replacement of Mg by Fe?* was supported by Bradley’s (1962) work based on 
thermodynamic considerations of phase equilibria involving fused salts. These 


tidiac howavaer era made hefnre th Ffarte af cita mivi qd ] ] 
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disorders, as well as the lack of significant magnetic ordering at the temperatures 


used in these heat capacity measurements, were appreciated (Ulbrich and 
Waldbaum, 1976); see also structure section. 


The standard free energy of formation, 4G, of two olivines 
(Mg). ssFed20 Cao.o1:Alo.07Nao.03)SiO, and (Mgi.6Fed*. j SiO, in composition 
(the latter derived from the Mg:Fe ratio determined by X-ray and optical 


methods, and assuming an ideal structural formula) have been calculated from 
their dissolution in aqueous solution (Huang and Keller, 1972). These values, AG 
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= -461°6 and -457°8 kcal/mol respectively, together with the standard free 
energies of formation of forsterite and fayalite are plotted in Fig. 87 (Robie, 
1966; King et al., 1967; Tardy and Garrels, 1977; see also Reesman and Keller, 
1965; Mueller, 1967; Zen and Chernosky, 1976). 


i esegs : 
The intrinsic) oxygen fugacities of an olivine from a chromititic layer in 


Stillwater complex, and an olivine phenocryst from a Hawaiian tholeiite pillow 
lava have been determined by a solid electrolyte method at low total pressure 
(Sato, 1972). The data in the temperature range 850-1220 °C show a higher oxy- 
gen fugacity for the chromitite olivine. The lower value for the olivine of the 


tholeiite, considered to have originated in a deep-seated Kilauea magma chamber, 


probably reflects the strong reducing conditions of that environment. 


MgO- FeO-SiO, system. This system is of particular petrogenetic interest in 
that, from some magnesium-rich liquids in which there is a deficiency of silica 


below the metasilicate ratio, the early crystallization o of olivine, u under strong frac- 


tionation conditions is followed by the precipitation of pyroxene alone, then by 
pyroxene + cristobalite or tridymite, and finally by an iron-rich olivine + 
tridymite (Bowen and Schairer, 1935). This is illustrated in Fig. 88 showing the 
phase relations for compositions in the system close to the MgSiO;~ FeSiO; join. 


Dram a camnncitian ch YW magneciimerich alivine corvctaliizac until the hi 
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quid reaches the olivine- pyroxene boundary curve GB at a point between G and 
J. With strong fractionation the liquid then enters the pyroxene field and the 
metasilicate is precipitated alone, and so continues to the pyroxene- silica bound- 
ary curve CDE when the two phases separate as the liquid moves toward B. At 
PAmMRBRAcI meavided) reart: hatwean erructale and Liniid re 


+h, : 
tunis composiuon, proviaea reaction oetween crySiais ana wiquia remains 


restricted, iron-rich olivine is precipitated. 


' The intrinsic oxygen fugacity of a condensed phase is defined as the oxygen fugacity of an oxygen- 
bearing phase of variable composition at a specific composition. It is a function of temperature and 
total pressure, and is directly related to the chemical potential of oxygen in the phase having specific 
composition. 
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Fig.87. Standard free energies of formation for (Mg,Fe)-olivines (after Huang and Keller, 1972). 


Mg,SiO.- CaMgSi.0.- FeO system. Olivine has a large primary field on the 


meets “ee oe eee tse 


join forsterite- diopside- iron oxide (Presnail, 1966). The temperatures of the li- 
quidus maxima at a total pressure of 1 atm, and at oxygen fugacities of between 

10°°° 8 and 107° atm are nearly constant, and are close to a piercing point at 
which olivine, diopside and spinel are in equilibrium (Fig. 89). With decreasing 
oxygen fugacity, from 107° © to 10°° atm, the fayalite component of the olivine 


fo anrnnlemmanis aL. 


increases from 4 to 14 wt. per cent and is accompanied by a decrease in the ratio 
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Fig. 89. The join forsterite - diopside- iron oxide (a) at oxygen fugacity of 10-°°** atm, (b) at 107>"*! 
atm, (c) at 10~° atm; total pressure 1 atm (after Presnall, 1966). 


Fe,0;/(Fe20;3 + FeO) of the liquid at the piercing point. At an oxygen fugacity of 


10° atm the system shows a second piercing point at which olivine is in 
enuilihrium with eninel and magnecinwiict ite (Big 20r\ 
VyUllYVL aula With OpPiiiws qaiu IMGaBitwoiy Ww Usgtilw ys 48> Vswje 


Mg2SiO,-Fe2Si0,-SiOQ, system. The stability of iron-rich olivine in the 
system Mg2SiO.u- Fe2SiO.-SiO2 (Fig. 90a) has been studied at pressures between 
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Fig. 90. (a) Phase stability fields in the system Mg,SiO, - Fe,SiO0,- SiO, at low pressure, < it kbar. 
(b) (c) Experimental data using olivine + silica and orthopyroxene as starting materials, (b) at 
pressures of 1 kbar or lower, (c) at 900°C and pressures between 0°3 and 14-5 kbar (after Smith, D., 
1971). Triangles pointing left show that olivine of the indicated Fe/(Fe + Mg) ratio partly reacted with 
silica to yield orthopyroxene. Triangles pointing right show that orthopyroxene of indicated Fe/(Fe + 
Mg) ratio partly broke down to olivine + SiO,. Percentage of shading in each triangle is approximate- 
ly proportional to the percentage of olivine + SiO, in the reaction products. Compositions of olivine 
and orthopyroxene coexisting with silica should lie on the broken lines which are projections of the 
boundary of the three-phase field. 


0 and 19 kbar and temperatures between 600 and 900 °C (Smith, D., 1971). The 
data are illustrated in Fig. 90 b, c. The width of the olivine- orthopyroxene- silica 


fialA. 
1ilu. 


AX=IFe/(Fe+ Moy. —lFe/(Fe+ Moa)! 
ara LAYER FAVES Jolivine awe yw £6) jorthopyroxene 
is a measure of the partition of vanes between the two phases. On the basis of 
the data, and in the temperature ra of the experiments it is unlikely that the 
— — ene Anes al azL A. al 


AX values are great ater than 0: i5, in moderate agreement wit n tnose determined 
experimentally by Medaris (1969) for the partitioning of Fe and Mg between syn- 
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thetic olivine- orthopyroxene pairs, namely Fago-Fs7;, Fags-Fs77 and Fago- 
Fsg4, i.e. AX = 0:09, 0:08 and 0:06 respectively. 


The equation: 
Hes px~ 2K ps o)~ 2H gio, =O 
may be used to express the equilibrium of olivine + SiO. with orthopyroxene in 
the stability field of the three-phase assemblage. The equation expressed in the 


farm: 
1Orli. 


o = 1 1 = 
Ap? =p - “Abe - abso, RT 81 (4,4 o1/ Gs,px) 


chemical potential of A in solid solution B, a,, the activity of A in solid 
900 °C = 


(u,. the 

“MAD a _ 
solution B) has been used by Smith to obtain the value Ap? (900 C) = 0°54 kcal 
for the free energy of the reaction: 

V2FeSiOg+ Vi SiO; (orthopyroxene) 


SiO, + “SiO? (high-quartz) > Fe 
The effects of different oxygen fugacities on the cry 

liquid tr ends in the compositional plane MgO - Fe3;0,- SiO; at 
have been considered by Osborn and Watson (1977). Figure 91 illustrates the 
changes in the liquidus phase relationships at low, intermediate and high oxygen 


fugacity. During the fractional crystallization at low P,, of a liquid of 
haplobasaltic composition, m, olivine is precipitated as the liquid changes along 
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m-n-o with a rapid increase in the FeO + Fe20;/(FeO + Fe2O; + MgO) ratio 


stallization of olivine and 
cygen rugac stallization of olivi 
1 tot 


otal pressure 
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Fig. 951. Sketch illustrating courses of fractional crystallization in the system MgO-Fed- 


Fe,0;- SiO, at three levels of Po, at 1 atm total pressure. The phase relations are shown projected on- 
to the plane MgO - Fe,0,- SiO, by caicuiating ali iron oxide as Fe,;0,. Phase relationships at iow Po, 
(< 10-*+? atm) shown by broken lines, at intermediate Po, 10" °-7 atm) by heavy continuous lines, and 
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high Po, ("410 SU), SULEIVITHE tu keep all tie ITUED AME the AULEIL STML, oy augue continuous lines. 

Curves m-n-o, m-n-c, and m-a-b are the fractionation paths in the olivine field for a mixture of com- 
—4t_..R.. /. #4. fh. a 


position m at low, intermediate and high Po, respectively (after Osborn and Watson, 1977). 
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and approximately constant silica content. At 0 magnetite coprecipitates with 
olivine and the liquid composition changes along the boundary curve to e with lit- 
tle change in the Fe/Mg ratio but enrichment in silica. At e olivine and magnetite 
are joined by pyroxene and the liquid composition moves towards f. With oxygen 
buffering at an intermediate level (phase boundaries shown by heavy solid lines) 
olivine is joined by magnetite at an earlier stage, n, of the crystallization, and 
silica enrichment begins at a lower Fe/Mg liquid ratio as the fractionation follows 
the curve n-c-d. With a higher level of oxygen buffering (light solid lines in Fig. 
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91) coprecipitation of olivine and magnetite begins immediately and the 

crystallization path follows the curve m-a-b, is not accompanied by an increase 

in the Fe/Mg ratio and the liquid is progressively and strongly enriched in silica. 
Phase relations in the Mg,SiO4- FeO- Fe20;- CaAl,Si20- SiO2 system at 1 


atm total pressure and oxygen nartial pressures between 107'' and 107’ atm have 


Teeese Cee Prk wesw Sosa wes pees SARs prs UU Ut wLii i 


been presented by Roeder and Osborn (1966), and the olivine- pyroxene- 
quartz equilibria in the system CaSiO;-FeSiO0;-MgSiO; discussed by Smith 
(1972), and Deer et a/. (1978, p.80), and between olivine, pyroxene, silica and 
spinel in the system MgO-iron oxide-Cr.03;-SiO. by Arculus ef a/. (1974), 


and Arculus and Osborn (1975). The phase relations in the system Mg.SiO.,- iron 
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oxide- CaAlI,Si20Og- SiO. at 10 kbar, and their bearing on the origin of andesites 
has been investigated by Osborn and Arculus (1975), and the variation in the li- 
quidus phase relations in the same system, with Fe2O; contents of 4 and 6 wt. per 
cent, in response to changes in pressure between | atm and 10 kbar, by Osborn 
(1978). 


qasrivy 


In natural olivines higher fayalite contents are associated with smaller amounts 
of Ni and Co and larger amounts of Mn and Ca, and the changing contents of the 
minor constituents during the fractional crystallization of olivine is related to the 


relative octahedral site preference, Ni > Mg > Co > Fe > Mn. This site dependen- 


cv of the minor element content in olivines, as well as the small influence of 
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temperature and general melt composition, has been demonstrated experimental- 
ly by Roeder (1974). 


Mg.SiO, - Fe2SiO,- CaAl,Si203- KAISi;0,-SiO, system. Following the de- 


monstration by Irvine (1975b: see p. 154) of the nresence of a miscibility gan 
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between forsterite and fayalite and silica melt, the same author (Irvine, 1976) ex- 
tended the investigation to include metastable liquid immiscibility in the system 
MgO-FeO-SiO2, and to a consideration of the fractionation patterns in the 
system Mg2SiO.- Fe2Si0,- CaAl2Si203-KAISi;0s-SiO.. The data are il- 


lustrated in a series of diagrams showing the liquidus and solvus relations in the 
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systems forsterite-leucite-silica, fayalite-leucite-silica, and in the joins 
forsterite- anorthite-OrssQ4, and fayalite-anorthite-OrssQ.4,. Some of these 
data are shown in Fig. 92. In the absence of Or the liquids fractionate to a final 
composition that is poor in silica and rich in iron (Fig. 92a,b), due to blocking of 


the trend towards enrichment in silica by the high silica-activity-barrier 
demonstrated by the large size of the silica mineral liquidus field. In the presence 
of Or (Fig. 92c,d) the liquids fractionate to a highly siliceous composition, the Or 
suppressing the immiscibility with the consequent diminution of the silica field, 
and the liquid trends bypass the region of metastable immiscibility. 


Mg.SiO,- Fe2,Si0,4- CaMgSi.0¢- CaFeSi.0.- KAISi;03- SiO. system. Liquidus 
relations for forsterite-diopside-Orss6Q44 and fayalite-hedenbergite- Ors6Qua 
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Fig. 92. (a) Liquidus relations and fractionation curves for the anorthite saturation surface of the 
join forsterite- fayalite- anorthite- quartz. Region of spinel crystallization is not ‘quaternary and 
temperature contours within it relate to the spinel- olivine- anorthite cotectic beneath the spine! li- 
quidus volume. Liquidus fractionation curves (thin arrowed lines) are computed on the basis of Ky= 
(Mg/Fe)!s*4 /(Mg/Fe)"4 values as fitted with the surfaces defined by the dashed line contours. 
(b) Liquidus relations for the join forsterite- fayalite- anorthite- quartz projected parallel with the 
forsterite- fayalite edge. The cotectic surfaces (thin broken lines) between the anorthite liquidus 
volume and the olivine and pyroxene volumes are contoured according to the normative ratio 100 
Fo/(Fo + Fa) in the liquid. Cotectic liquidus paths are shown as thin arrowed lines. (c) Liquidus rela- 
tions and fractionation curves for the anorthite saturation surface of the join 
forsterite - fayalite- anorthite -(orthoclase,, quartz,,). Liquidus fractionation curves computed on 
the same basis of K,, values as in (a). (d) Liquidus relations for the join forsterite ~ fayalite - anor- 
thite~(orthoclases, quartz,,). The cotectic surfaces between the anorthite liquidus volume and the 
olivine and pyroxene volumes are contoured as in (b) (after Irvine, 1976). 


joins in this system have been outlined by Hoover and Irvine (1978). Like the 
system forsterite -— fayalite - anorthite ~- orthoclase-SiO2, they are relevant to the in- 
terpretation of trends of silica enrichment displayed by tholeiitic and calc-alkaline 
magmas. Compared respectively with the forsterite-diopside-quartz and 
fayalite -hedenbergite- quartz systems the effect of the addition of orthoclase is 
to restrict greatly the field of the silica minerals, and to eliminate the associated 
high-temperature liquid immiscibility. Thus fractionation in the forsterite - diop- 
side- Ors6Quaa System can give rise to silica-rich liquids with the ultimate composi- 
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Fig. 93. (a) Liquidus relations for Mg,Si0,- CaMgSi,O,- Ors.Q.4.. (b) Liquidus relations for 
Fe,SiO, - CaFeSi,O, - Ors,Q44. (after Hoover and Irvine 1978). 


tion containing 79 wt. per cent SiO2, that is probably a diopside - enstatite- or- 
thoclase- quartz eutectic melt (Fig. 93a). In the fayalite-hedenbergite- Ors«Qu, 
system the majority of liquids fractionate towards a fayalite- hedenbergite- or- 
thoclase- quartz eutectic (A in Fig. 93b), the composition of which contains 78 


. 
wt. per cent SiO2. In this system there is a small field of low-temperature liquid 


immiscibility on the fayalite-Ors¢Q.4,4 join, and a second field, at 11-13 wt. per 
cent hedenbergite, extends across the fayalite- ferrobustamite cotectic. 


Olivine stability in synthetic rock system. The effects of the water content on 


the solubility of olivine in melts of olivine tholetite and SiO,-saturated tholetite 


compositions have been investigated by Nicholls and Ringwood (1973), and are 
illustrated in Fig. 94. In both compositions the stability limits of liquidus olivine 
increase with the water r content, e.g. for olivine tholeiite, from 18 to 27 kbar at 10 


per cent H2O (P,, Pog) and Pig = Pix respectively. The approximate 
stability limits of Ho on the SiO; s ted tholeiite liqnidi. at §. 10 and 1S p per 
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cent H20 (Puig < Prot) and Pao = Pi are 11, 14, 17 and 20 kbar. An 
olivine- liquid reaction occurs at pressures above 20 kbar and olivine is resorbed 
as the crystallization of clinopyroxene and garnet increases with decreasing 


temperature. 


The melting behaviour of two basanites int 


p e 
been investigated by Arculus (1975). The feature of the P- T diagrams (Fig. 95a, 
b) is the restriction. of olivine as the primary liquidus phase to pressures of less 
than 18-20 kbar, considerably below that in the CaO-MgO-Ali,0O;-SiO, 
system in which olivine occurs as a liquidus phase up to 26-27 kbar (Kushiro and 


; : 
Yoder, 1974; see also Fig. 68, p. 111). The replacement of olivine by a calcic 


augite at pressures greater than 18-20 kbar is discussed with reference | to the ef- 

fects of the relatively high concentration of oxides of polyvalent cations (TiO2, 

P,Q;), and to the constitution of the volatile component in basanitic liquids. 
Olivine compositions as a function of the degree of melting of two garnet 


ridotite nodules. at te tr het the Vd: 1750°C at 20 ad 34s 
perigotte Hoauies, at temperatures oetween their solidi to 1 @t cu ana oo 


kbar have been determined by Mysen and Kushiro (1977). At 20 kbar the melting 


the pressure range 10 to 32§ kbar ha 
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Fig. 94. Near-liquidus phase relations for olivine tholeiite composition (a) water-saturated and 
(b) water-undersaturated conditions, and for SiO,-saturated tholeiite composition under (c) water- 
saturated and (d) water-undersaturated conditions (after Nicholls and Ringwood, 1973). x olivine, O 
clinopyroxene, + orthopyroxene, O garnet, © above liquidus. 


curves, anhydrous and in the presence of 1°8 wt. per cent. water, show three 
distinct fields, changing from olivine + orthopyroxene + clinopyroxene + liquid (+ 
spinel) at temperatures immediately above the solidi to olivine + orthopyroxene + 
liquid at intermediate temperatures and to olivine + liquid at higher 


temperatures. At 20 kbar the water-free and the hydrous curves (Fig. 96a) are 
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Fig. 95. Pressure- temperature diagram of meiting behaviour of basanite (Mt Shadwell, Victoria, 
Australia) and for a basanitoid (South East Mountain, Grenada, Lesser Antilles). Ol, olivine; Cpx, 
clinopyroxene; Sp, spinei; Pi, piagiociase; Gt, garnet; L, liquid (after Arcuius, 1975). 
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Fig. 96. (a) Melting curves of garnet peridotite nodules at 20 kbar pressure (anhydrous) from (A) 
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similar except for the higher melt temperatures of the anhydrous composition, 
25 °C higher in the olivine + two pyroxene + liquid to more than 150°C higher in 
the olivine + liquid field at 60 per cent melting. The curves show a marked 
similarity in pattern to that of the FossEn39Di,; composition in the 
forsterite- diopside- SiO, system. At 35 kbar garnet appears as a stable phase in 
the solidus, and the assemblage olivine + two pyroxenes + garnet + liquid is stable 


to 25 per cent melting. As the amount of melting increases this assemblage is 
followed by olivine + two pyroxene + hauid. olivine + orthopyroxene + liquid 
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and at 65 per cent melt by olivine + liquid. The olivine compositional trends (Fig. 
96b) dispiay a similar pattern to the melting curves, with the fayalite component 
decreasing as the percentage of melt increases (see also Mysen and Kushiro, 1977; 


Presnall, Mysen et a/., 1978). 
Wendlandt and Mysen (1978) have also determined t 
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and 30 kbar ina natural garnet lherzolite as a function of the degree of partial 
meiting and pressure for CO,-saturated and unsaturated conditions. The three 
phase fields at 15 kbar (Fig. 97) are marked by changes in the slope of the melting 
curve, and the figure shows that clinopyroxene is the first phase to melt out as the 


temperature increases: orthonvroxene melts out at annroximately 1 460°C when 
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the liquid amounts to about 45 wt. per cent. The melting curves at 30 kbar in the 
presence of 5 per cent CO, (undersaturated) and with CQ, slightly less than is re- 
quired to completely convert the nodule to carbonate according to the reaction: 
enstatite + dolomite = forsterite + diopside + CO, (ie. in the absence of a CO, 


vapour p phase) are shown in Fig. 98, The main differences between the 1§ and 30 


awaws 


kbar curves are the disappearance of clinopyroxene and the appearance of the 
highiy aiuminous phases garnet and spinei at the higher pressure. Because at this 
pressure the presence of 5 per cent CO, is insufficient to react all the clinopyrox- 
ene by the above reaction, a small olivine + orthopyroxene + clinopyroxene + 


garnet + dolomite + hauid nhase field evists cloce to the soliduc. In the nrecsence 
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of a CO,-rich vapour phase the temperature of the melting curve is reduced and 
at 1 300°C there is a difference of about 20 per cent melt between the two isobars. 
The Mg/(Mg + Fe) ratio of the olivine increases as the amount of melt increases 
and is particularly marked at the breaks in the curve. 
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Fig. 97. Melting curve of garnet lherzolite with excess CO, (CO,-saturated) at 15 kbar (after 
Wendiandt and Mysen, 1978). Oi, oiivine; Opx, orthopyroxene; Cpx, clinopyroxene; L, liquid; V, 
vapour. 
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Fig. 98. Melting curve of garnet lherzolite nodule. A, with 5 per cent CO, (CO,-undersaturated). B, 


with excess CO,(CO,-saturated) at 30 kbar (after Wendlandt and Mysen, 1978). Abbreviations as in 
Fig.97, and Gt, garnet; Carb, carbonate; Sp, spinel. 
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Fig. 99. Phase relations on the join kimberlite + 5-2 per cent CO, -H,O at 30 kbar (after Eggler and 
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dolomite; Ks, kalsilite; Sa, sanidine, L, liquid; V, vapour; LHZ = Ol + Opx + Cpx + garnet. 
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The phase relations of average Lesotho kimberlite of composition CO, 5:22 
wt. per cent, modified by the substitution of FeO (total iron as FeO) by CoO, at 
30 and 55 kbar have been reported by Eggler and Wendlandt, (1978, 1979). For 
compositions with Xm = CO,/ (COz + H20) = 0:94 wt. per cent at 30 kbar the 
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and 1600°C, with clinopyroxene + liquid between 1450 and 1525°C, with 
clinopyroxene + orthopyroxene + liquid between 1200 and 1450°C, and with 
assemblages containing clinopyroxene, orthopyroxene, dolomite, phlogopite, li- 
quid from 1200 to 1075°C the solidus temperature, (Fig. 99). At 5S kbar the 
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magnesite replaces dolomite as the carbonate phase. 

The use of the solubility of calcium in olivine as a potential geobarometer has 
been investigated by Finnerty and Boyd (1978). Because the activity of Ca is 
determined by the relation reaction between ortho- and clinopyroxene the use of 
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periments were conducted on a mix in the system CaO- MgO - AI,O;3- SiO; that 
crystallized roughly equal proportions of olivine orthopyroxene, clinopyroxene 
and an aluminous phase (garnet, spinel or feldspar). The preliminary data are 
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presented as pressure- composition and temperature- composition projections in 
Fig. 100a, b 

The slopes of the isotherms in the pressure- composition projection are about 
— 26 p.p.m. Ca/kbar. The pressure values estimated from the Al,O; content of 
orthopyroxenes, and from the Ca content of olivines for the garnet lherzolite 


xenoliths in Lesotho kimberlites are within about 10 kbar. 


. ana at mreccires aturan & and Al bho 
The solubility of CO, and H,0, at pressures between 5 and 40 kbar, in an 


olivine melilitite melt, and their effects on the liquidi and near-liquidus phase 
relationships have been studied by Brey and Green (1976). The addition of CO, 
alone to the melt leads to a lowering of the liquidus, of about 80°C at 30 kbar, 
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compared with the liquidus temperature under dry conditions. The effect is, 


however, much smaller than that under water- saturated conditions, i. e. about 


400°C at 30 kbar (Fig. 101), and the main influence of the presence of CO, as a 


dissolved vapour phase is to promote the formation of pyroxene and garnet over 
that of olivine at pressures above about 30 kbar. 


Ina subsequent investigation of the near- “liquidus phase relationships of a 


aentee el) Ibhoaen-lieg aaAtmtnha wun pe leliacen - tart 


spinel - herzolite-bearing olivine melilitite with Vai ying Xoo, ’ H,0 and Jo, ; Brey 
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Fig. 100. (a) Pressure- composition projection of data on the solubility of Ca in forsterite coexisting 
with diopside and enstatite. Size of boxes represent 1 standard deviation for analysis of four olivine 
grains, with + 1 kbar pressure uncertainty. Numbers within diagram refer to temperature (°C). (b) 
Temperature - composition projection of data on the solubility of Ca in forsterite coexisting with 
diopside and enstatite. Numbers within diagram refer to pressure (kbar), height of boxes represent + 


10°C uncentainty (after Finnerty and Boyd, 1978). 
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Fig. 101. Liquidi and near-liquidus phases for olivine melilite with various amounts of volatile add- 
ed (after Brey and Green, 1976), 1, without volatiles; 2, with 38 wt. per cent CO, buffered by furnace 
assemblage; 3, with 38 wt. per cent CO,, MH buffer; 4, olivine melilite + H,O0 + CO, with Xy,9 = 
0°25, Xoo, = 0°75, MH buffer; 5, olivine melilitite + 10 wt. per cent H,0, Xy,9 = 1, Xco, = 9, MH 
buffer; 6, olivine melilitite + H,O + CO, with Xu,0 = Xco,; =0°5; 7, olivine melilitite + 20 wt. per 
cent H,O; 8, olivine melilitite + 40 wt. per cent H,O. X olivine, O garnet + clinopyroxene. 


and Green (1977) found that olivine (Mg-values of 95:5 and 91-1) is the liquidus 
phase at 30 kbar when H,0 alone is present in the melt, but that at low X,,, (= 
CO,/(CO, + H,O) + olivine melilitite) olivine and clinopyroxene occur as li- 


quidus phases. At this pressure with .,, values greater than about 0°4, olivine is 
IND, A t 


ali hacamec the cole Hoavidnu 
eliminated and a cunopyroxene oecomes the sole liquidus phase (F ig. ue. “rl 


pressures lower than 30 kbar the olivine- clinopyroxene field is stable to higher 
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Xo, Values and at about 27 kbar becomes closer to the garnet + orthopyroxene + 
clinopyroxene liquidus field. Oxygen fugacities lower than those of the 


tit h tite huff, an not th tahiht 
magnetite- hematite buffer do not increase the stability range of olivine, neither 


do they result in drastic changes in the general phase relationships nor in the li- 
quidus temperatures. 
The anhydrous melting rela ationships ofa thoventic basalt 
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at pressu we 
0 and 15 kbar have been determined by Bender ef ai. ag 78). T The specimen, a 
quenched pillow rim, from the median valley of the Reykjanes Ridge, North 
Atlantic, is representative of some of the least differentiated liquids sampled at 


mid-oceanic ridges, with 100 MgO/(MgO + FeO) = 66, and Ni 232 p.p.m. and Cr 
510 p.p.m. Olivine, Fogg, is the liquidus phase at 0 kbar and 1268 °C and becomes 
progressively less magnesian to Fo7, at 1135°C. Olivine remains at the liquidus 
phase to 10°5 kbar (Fig. 103) at which pressure it is replaced by clinopyroxene 
W03,.6EMns9.7FSg.7, and is associated with an increase in the liquidus T- P slope 
from 3:52 to 10°0 °C/kbar. The olivine + plagioclase field decreases with increas- 
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Fig. 103. Anhydrous melting relations of quenched pillow rim of tholeiitic basalt glass, Reykjanes 
Ridge (after Bender et al., 1978). 
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ing pressure and in the interval from 0 to about 9 kbar the paragenetic sequence is 
olivine > olivine + plagioclase > olivine + plagioclase + clinopyroxene. 
An experimental investigation of the crystallization of a primitive basalt (Dix- 


on and Rutherford, 1979) has shown that olivine, Fog, is the first phase to 
crystallize at 1200°C at 1 atm under anhydrous conditions and oxygen fugacities 
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between the MMO, NNO and QFM buffers. At 1010 °C, 95 per cent of the melt 
had crystallized (olivine + plagioclase + pyroxene) and the olivine was zoned 
from Fog, to Fos,. At this temperature the residual melt became immiscible and 
consisted of an iron-enriched liquid and a liquid of granitic composition. 


The melting relations at pressures between 0°5 and 5:0 kbar for wyomingite 
awata 15 rw aaa cst witwy 


orendite and madupite compositions (water- saturated) have been investigated by 
Barton and Hamilton (1978). In the madupite composition (Fig. 104), olivine and 
clinopyroxene are the primary liquidus phases at pressures above  0°5 kbar. At 


lower pressures and a temperature of 1275 °C there is a small leucite + liquid field 
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the development of the main olivine-bearing low-pressure assemblage, olivine + 
clinopyroxene + leucite + liquid. At pressure above 2 0:5 kbar the olivine + 
clinopyroxene + liquid. At pressures above + 0°5 kbar the olivine + clinopyroxene 
+ liquid assemblage is replaced by phlogopite + clinopyroxene + liquid as a result 


af the reactinn: 
Ua Lt 1G, 
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A similar reaction occurs with the wyomingite composition; for orendite the reac- 


tion is: 
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forsterite + liquid = phlogopite + vapour 
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Fig. 104. The relationships of madupite composition (water-saturated phase) (after Barton and 


Hamiiion, 1978). Gi oiivine; Ph phiogopite; Cpx clinopyroxene; Amph amphiboie; Lc teucite; L 
melt. 
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The results of a subsequent study (Barton and Hamilton, 1979) of the melting 
relationships (water-undersaturated) of the same madupite composition are sum- 


marized in Fig. 105. Olivine and clinopyroxene replace leucite as the primary li- 
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quidus phase at pressures of less than 5 kbar, and at pressures above 7 kbar 
olivine ceases to crystailize at the liquidus. The reaction of olivine with the meit as 
the temperature falls, as noted in the earlier investigation, leads to the formation 
of phlogopite at the higher pressures used in this study. The reaction takes place 


°C 
Aver a tamn a Qn - 
over a temperature range of less than 75°C. Under water-undersaturated condi- 


tions, clinopyroxene is also probably involved in the reaction: 
forsterite + liquid = phlogopite + diopside 
comparable with the relationship found by Modreski and Boettcher (1973) in the 


system K K,0- CaO-MgO- Al,O; - SiO, - H,0. 

The effects of pressure (to 30 kbar), temperature (to 1650°C) and water con- 
tents up to 40 wt. per cent on the crystallization of olivine in a highly potassic 
basic liquid (biotite mafurite composition) have been studied by Edgar et al. 
(1976). Olivine is the primary liquidus phase under anhydrous conditions at 
pressures up to 25 kbar at 1600 °C (Fig. 106a), but is replaced by clinopyroxene as 
the liquidus phase at higher temperatures. In melts with 5 per cent H,O (Fig. 
106b) olivine is the primary phase to a pressure of 30 kbar at a temperature of 


1300°C, but subsequently reacts with the liquid at 1250°C at which temperature 
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Fig. 105. Interpretation of water-undersaturated melting experiments on madupite + 2:9 per cent 
H,O (after Barton and Hamilton, 1979). Ol, olivine; Cpx, clinopyroxene; Lc, leucite; Ph, phlogopite; 
Sp, spinel; Gt, garnet; Ap, apatite; L, melt. 
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Fig. 106. Experimental data for highly potassic biotite mafurite (a) solidus for water-saturated, 5 
and 15 per cent H,O, and anhydrous conditions; (b) incoming phases for 5 per cent H,O; (c) incoming 
phases for 15 per cent H,O. Dashed lines in (b) and (c) are the olivine-out boundaries at high pressure 


due to the reaction with iiquid and other solid phases with decreasing temperature (after Edgar et ai., 
1976). 


clinopyroxene and phlogopite are the solid phases. As the water content of the 
melt increases the liquidus temperature decreases further, and with 15 per cent 
water and at pressures up to 10 kbar the liquidus represents water-saturated con- 
ditions (Fig. 106c). The olivine primary phase field is restricted to O pr essures 
somewhat below 20 kbar, and at higher pressures phlogopite becomes the liquidus 
phase. Under such water-saturated conditions olivine is the liquidus “phase at 
pressures up to 30kbar at 1150°C, but as the temperature decreases olivine is 
replaced by phlogopite clinopyroxene and ilmenite. With increasing crystalliza- 
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tion at constant pressure the forsterite content of the olivine decreases and, pro- 
viding olivine is the only primary phase, the compositional change appears to be 
independent of the pressure. 

A similar experimental study, of a melt of peridotitic komatiite composition, 
has been presented by Green, Nicholls et a/. (1975). Olivine occurs as the liquidus 
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phase at 1680 °C and a pressure of 10 kbar, and continues as the sole crystal 
phase, while becoming more Fe-, Cr- and Ca-rich, to a temperature of 1450°C. 
The magnesium content of the olivine is the same as the olivine (Table 4, anal. 2) 
in the original komatiite (Green, 1975). The nickel content of the melt olivine, 
averaging 0-10 wt. per cent NiO i is, however, less than that of the natural phase, a 


pishuwy, 


difference that is probably due to the somewhat higher oxygen fugacity of the 
magma compared with that of the Ni- NiO buffer of the meit. 
Liquidus relationships, at 1 atm pressure and f, 10°'**‘atm, derived from 


melts of the Juvinas eucritic meteorite have been investigated by Stolper (1975), 
and for ‘ very high alumina’ hasalt and noritic breccias of the lunar highlands by 
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Delano (1977). In breccia 76055 melt, olivine occurs as a liquidus phase in the 
pressure interval 0 to 23 kbar, and in breccia 76015, olivine and spinel coexist at 
the liquidus between 5 and 12 kbar. 
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Olivine liquidus fractionation curves have been calculated by Irvine (1977a). 
The method involves the addition of Mg,SiO, and Fe,SiO, to the composition of 
a derivative liquid (the amounts of the olivine components are estimated from the 


distribution coefficient): 
K, = (X,, / XE tied /(X / Xe _20) Olivine 


where X,,, = Mg/(Mg + Fe?*) and X,,.= Fe?*/(Mg + Fe**) = (1 - Xy,), to obtain 
the composition of the primitive liquid that would be in equilibrium with the 
most magnesium-rich olivine, and from which it was the only mineral to frac- 
tAMmata em AmMmMwran«ia hla Tha AaweivaA Riewan aea ahaa i" Die 149 ana tha 
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method has been applied by Irvine to calculate primitive liquid compositions for 
the Kilauea volcano, the abyssal tholeiite series of the mid-ocean ridges and for 
the Muskox intrusion. 

A numerical model that simulates the differentiation of mafic and ultramafic 
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Duke and Naldrett (1978). The model, based on experimentally determined parti- 
tion coefficients, assumptions concerning olivine and molten sulphide 
stoichiometry, and experimentally determined solubility of sulphide in silicate 
melts, is applied to three cases of olivine fractionation using as the initial bulk 
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Fig. 107. Olivine liquidus fractionation curves on a plot of 100 Ex/(Mg + Fe?*) v. 100 Mg/(Mg + 
Fe**). Ex = element exciuded from olivine, e.g. Al; Ky assumed = 0- 33. Liquid PL, undergoes simpie 
fractional crystallization through FL, to FL, yielding. a succession of olivine compositions from FS, 
io FS,. Note thai the oiivine - iiquid tie-iines are tangents to the fractionai crystallization curves (after 
Irvine, 1977a). 
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The statement by Yoder and Tilley (1962) that ‘for every basalt there is a 


chemically equivalent eclogite’ was based partly on their preliminary investiga- 
tion of the systems forsterite-nepheline- silica and forsterite-Ca- Tschermak’s 
molecule (CaA1,SiO¢)- silica at 1 atm and 30 kbar. Subsequent investigations 
relevant to a consideration of the absence of olivine crystallization in liquids of 


basaltic compositions ; at high pressure include those of O’Hara and Yoder (1967) 
and Kushiro (1968). The close dependence of liquid compositions derived by the 
partial melting of mantle peridotite on the position of the isobaric point involving 
forsterite and enstatite, as illustrated in the systems Mg2SiO,-SiO0,-X (X = 
CaMgSi0,, NaAlSiO,, MgAl,O, and CaAl,O,) has been emphasized by the lat- 
ter author. ‘In each of these systems the liquidus boundary between forsterite and 
orthopyroxene solid solution (Fig. 108, L,, L2, L3), and the invariant point (P,, 
P2, P3) were found to shift from SiO2- rich to SiO.-poor compositions as the 
pressure increased. 

The formation of olivine-bearino and olivine-free assemblages in rocks of 
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basaltic composition, with particular reference to their derivation from garnet 


peridotite, and to the formation of eclogite from garnet iIherzolite, has been 
discussed by Yoder (1974) and Kushiro and Yoder (1974). Figure 109 showing the 


joins in the system forsterite- nepheline- silica at 1 atm and 30 kbar, can be used 
to illustrate why olivine is absent in high-pressure assemblages crystallized from 
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Fig. 108. Shift with pressure of the forsterite - - pyroxene boundary and the isobaric invariant | point 
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liquidus boundary and invariant point respectively at 1 atm. Broken | lines L, and I; and points P, 
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ana P; are the lquidus boundar 1€5 &G invariant points at 28 anda 30 kbar respectively. Arrows ii- 


dicate the direction of decreasing temperature of the liquidus boundaries (after Kushiro, 1968). 
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NaAlSiO, 


f = 
/ ° NaAlSi,O. 


Mg: SiO, MgSiO;, SiO, 
Weight per cent 


Fig. 109. Shift of the forsterite-enstatite solid solution boundary with pressure in the system 
Mg,SiO, - NaAlSiO,- SiO,. Line L; and point P, the liquidus boundary and invariant point respec- 
tively at 1 atm. L;, L, and L, the forsterite-enstatite solid solution liquidus boundaries at pressures 
close to 10, 20 and 30 kbar respectively. P,, P; and P, the estimated invariant points at which 
forsterite and enstatite solid solution are involved, at 10, 20 and 30 kbar respectively (after Kushiro, 
1968). 


basaltic liquids at the surface, and to show the variation of the fractionation 
curve at low and high pressure. A parent liquid of composition X (forsterite + 
enstatite + jadeite parental assemblage) fractionated at decreasing pressures 
would probably lead to a final composition, such as Y, and the low-pressure 
derivative assemblage would consist of forsterite + enstatite + albite. The 
recrystallization of the composition Y at 30 kbar would, give rise to the 
assemblage enstatite + jadeite + quartz. Similarly, in the system forsterite - Ca- 
Tschermak’s component - silica, recrystallization of the derivative composition Y 
at high pressure produces an olivine-free assemblage. 

The absence of olivine in eclogite compositions may also be illustrated 
by the phase relationships in the quadrilateral, CaMgSi.O,-CaMg_>Al,Si;0;2- 
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Mg 3Al Si 30, 2- MgSiO 3» part of the MgSiO3- CaSiO;- Al,O; system 
(Fig. 110), at 20 kbar, and the associated schematic diagrams at 26 and 30 kbar. 
A relatively large liquidus field of olivine is present at appropriate compositions 
in this system at 20 kbar. At higher pressures the olivine field contracts and is ac- 


companied by a corresponding expansion of the garnet field with respect to both 


the olivine and spinel fields, while at pressures between 26 and 30 kbar olivine 


ceases to be a liquidus phase. Furthermore at subsolidus temperature, composi- 
tions within the quadrilateral crystallize, at pressures greater than 17 kbar, toa 
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Fig. 110. Schematic diagrams showing the change of the liquidus surface with pressure in part of the 


system MgSiO,- CaSio,-Al,0 0; (after Kushire a and Yoder, 1974), 


forsterite-free assemblage, and forsterite therefore reacts out before reaching the 
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solidus LOLLEpEL ature. 


Lipin (1978) has determined the equilibrium relations for compositions in the 
(Mg0.59Fe€o.4:)SiO4- CaAl,Si,0g - SiO, plane (Fig. 111a), and shown that the li- 
quidus surface is similar to those of the Mg,SiO,-CaAl,Si,O,-SiO. system 
(Andersen, 1915; see p. 114). The temperatures of the piercing points for olivine 


+4 thitea + Tt id 
+ anorthite + spinel + liquid, and for olivine + anorthite + orthopyroxene + li- 


quid, 1270 and 1218 °C (Fig. 111b) respectively are, however, lower than the cor- 
responding piercing points in the iron-free system. The crystallization of a liquid 
of composition X may be used to illustrate the reaction relationship between 


olivine and orthopyroxene. Following the crystallization of olivine from 1275 to 


° : 9° 
1220 °C it is then joined b oy anor rthite and subsequently at i218 °C by o or thopyro- 


xene. On further cooling olivine (being resorbed), orthopyroxene and anorthite 
remain in equilibrium with the liquid which changes in compositional towards the 
third piercing point in the plane at 1186°C. The cation contents of the olivine and 
coexisting liquid at 1264 and 1214 °C have been determined, from which the 


. . . . 
value 0°33, in close agreement with the data of Medaris (1969), is derived for the 


distribution coefficient K, = XR ee XMe/ Xie eX ta, 


The stability of the assemblage forsterite- enstatite- magnesite in the presence 
af CO. . U.N vannaur hac haan datarminad hu Raaler at a] (1070\ The D_ Teanr- 
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dinates of the anhydrous, (CO,/(CO, + H,0) > 0:95, decarbonation reaction: 
MgsiO; + MgCO; = Mg,SiO, + CO, 


based on the experimental data at 26 and 30 kbar and on calculation of the 
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the reaction (Fig. 112a). The same authors have also investigated the hydrous 
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Fig. 111. (a) The Mg,SiO, - CaAi,Si,0,~Fe,Si0,-SiO, tetrahedron showing the position of the 


plane Fe/(Fe + Mg) = 0°41 (after Lipin, 1978). (b) The liquidus surface of the plane Fe/(Fe + Mg) = 


0-41 (after Lipin, 1978). 





decarbonation reaction at 26 kbar and determined the phase field boundary be- 
tween forsterite + vapour and forsterite + enstatite + magnesite + vapour for 
CO,2/(CO, + H2O) molar values between 0°95 and = 0°3 (Fig. t12b). The above 
reaction and the reaction: 2 MgSiO, + 0°5 CaMg(COs) )2 = 0°5 CaMgSi,O, + 
Mg,SiO, + CO, are discussed by Eggler et a/. in relation to the stability of car- 
bonate minerals that coexist with olivine, orthopyroxene and clinopyroxene 
under upper mantle conditions; they conclude that, even in the presence of H,O- 
rich vapour, carbonated peridotite is stable over a large pressure- temperature 


range. 
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Fig. 112. (a) P-T coordinates for the reaction, enstatite + magnesite = forsterite + CO, (after Eggler 
et ai., 1979). (b) Stability of the assembiage, enstatite + magnesite + forsterite + vapour. Abscissa, 
mole fraction CO2/(CO; + H,0) in the bulk composition denoting vapour composition only within 


the forsterite + vapour field (after Eggier e¢ ai., 1979). 


An investigation of the reaction: 


5 (Mg, Fe)2SiO, + (Mg,Fe)2Al,Si;0,3 = 10 (Mg,Fe)SiO; + 2(Mg,Fe)AI,0, 
olivine cordierite orthopyroxene spinel 


has shown that the divariant field of stable coexistence of olivine + cordierite + 
orthopyroxene + spinel is restricted to low fluid pressures and is very sensitive to 
oxygen fugacity (Lal and Seifert, 1979). The field of the four-phase assemblage at 
Jo, of the quartz-fayalite- magnetite buffer shows a marked reduction in 
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Fig. 113. Pra ia *Fe diagram for the composition 6(MgO + FeO).Al,0;.5SiO, + xH,0 + xO, at 
780 °C and oxygen fugacities defined by the quartz - fayalite- magnesite (A) and hematite - magnetite 
(B) buffers. The fields of olivine + cordierite at low XFe and low P,,_,, are schematic. Data for XFe = 
0°0 from Fawcett and Yoder (1966) and Seifert (1974) (after Lal and' Reifert, 1979), 
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pressure stability as the amount of Fe?* increases in the bulk composition of the 
starting mixture, 6(Mg,Fe)O. Al,O3. 5SiIO2, + xH20 + xO2. Thus at XFe = 0°1, 0°3 
and 0°5 the corresponding upper pressure stability limits are 3:0, 2°5 and 1°5 kbar 
(Fig. 113). The four- phase field is even more restricted at higher oxygen 
saaaniting na ApfinalA thea hamat madnmatite hiiffase ic ctahle annly 

fugacities, ana at So, qaernnea by tne hematite - magnetite ourrer is Stadi€ wainly at 
low XFe. Thus for XFe = 0°1 the stability field extends to a water pressure of 
1-5 kbar. At XFe values greater than 0°15, the stable assemblage consists of cor- 


dierite, orthopyroxene, spinel and hematite. 


Fe-Olivines 


Fayalite occurs as a stable phase in many synthetic systems, and has also been 
produced as large, well developed, colourless crystals using ferrosilicon alloys or 
ferrous chloride and ethylorthosilicate as starting mixtures (Flaschen and 
Osborn, 1957). Fayalite melts incongruently at 1 atm to a liquid and Fe. When 
melted at high pressures fayalite recrystallizes in imperfect lath-like crystals, com- 
monly containing fine inclusions of metallic Fe, with a small amount (<1 %) of in- 
tersertal brownish glass, indicating that incongruent melting persists at high 
pressures (Lindsley, 1967). The experimental brackets of the fusion curve of 
Faualitea hatwaan Thar and ANbhar tacethesr with the curve palerulated Fram 


tha 
rayauite UCLWEeUIL 1 UA! ALI PU AUVGIL, LUBLLIIVI Wilil tne curve caicuiated Avil iner- 


modynamic data (Carmichael et al., 1977), are shown in Fig. 114. 


FeQ- SiO, and Fe- O- SiO. systems. In the system FeO - SiO, at 1 atm (Bowen and 
Schairer, 1932) an iron metasilicate, analogous with MgSiO; in the system 


RAgfY\ AIM Anns amt revotalls nA faualita fraem stantin « 


IViBuU — SiO2, Goes not CryStauizZe, ana rayaiite rOrms a Cutectic with t ur ridymite at 
1178 °C and with wustite at 1177°C. 

Two invariant assemblages, fayalite-silica-ferrosilite-iron-liquid and 
fayalite~silica-ferrosilite- magnetite-liquid are present in the Fe-O-SiO, 
system, and occur respectively at 17° 5 and 17 kbar, 1280 and 1205°C and 107'°°8 


and 1077 25 atm fF The D_T ala tha have he Aloriiec 
allu 1Vu atm fy o i ne irn-d ~fo _ phase relations in tne system nave oeen UL UDSS~ 


ed by Lindsley et al. (1968), and further considered by Speidel and Nafziger 
(1968). The latter have also constructed a semi-quantitative T- Jo, petrogenetic 
grid for the FEO-O-MgO- SiO, system that is applicable to basic igneous rocks 


and meteorites. The two invariant “assemblages are calculated to be stable up to 


Fig. 114. Fusion curve for Fe,SiO, calculated by Carmichael et al. (1977), and the experimental 
brackets for the fusion curve determined by Lindsley (1967). 
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17:5 kbar. At higher total pressures, however, olivine and silica cannot coexist, 
due to the relative changes in their stability fields, with other phases in this 
system. 


FeQ-Fe 4. _8:iNn,_ HM ev 
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FeO - Fe.0;3-SiO.2-H,O in the presence of an “aqueous phase below 250°C and 
decomposes to magnetite and greenalite, Fe3;Si20;(OH), (a ferrous iron analogue 
of serpentine), in this environment. Fayalite may exist, however, in equilibrium in 
the assemblage quartz, minnesotaite, Fe3Si,O190(OH), (a ferrous iron analogue of 


. ; 
tal 
talc), with magnetite if the oxygen partial pressure is high and there is a 


water deficiency, and with quartz and magnetite when no water is present in the 


system. In the temperature range 250 to 470°C fayalite and magnetite coexist 
with water at low oxygen partial pressures. At approximately 470°C greenalite 
decomposes to fayalite, minnesotaite and water, and at about 480°C min- 


taitead : ° 
nesotaite decomposes to fayalite, quartz and water. Above 480 °C the assemblage 


fayalite, quartz and water, with or without magnetite, is stable under hydrother- 
mal reducing conditions, fayalite being stable to the highest temperature, 925 °C, 
used in the investigation (Wones and Gilbert, 1969). 
The investigation of the system fayalite- water by Ostrovsky and Olshansky 


(1064 + f i + aia th 
(1956), using mixtures of oxides sintered in the presence of water vapour and 


variable amounts of hydrogen showed that fayalite is transformed into magnetite 
and silica at low partial pressures of hydrogen. 


stable in the system 
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Fe,Si0,-Ca.SiO,g system. In the binary system Fe.SiO,-Ca,SiO, (Bowen et 
al., 1933a; Wyderko and Mazanek, 1968), fayalite forms a solid solution series 
with the intermediate compound iron monticellite, CaFeSiO,", and the series has 
a minimum at 1117°C at the composition 81 wt. per cent Fe2SiO,. There is partial 
solid solution between CaFeSiO. and Fe2SiQOuz, the solid solution limit occurring 
at 41 wt. per cent Fe2SiO. (Fig. 115). Fayalite crystallizes from liquids of 
metasilicate compositions in the binary system CaSiO;-FeSiOs, and occurs in 
equilibrium with hedenbergite and tridymite. Some iron-rich olivines in igneous 
rocks have an appreciable content of calcium (e.g. Table 9, anal. 26), but com- 
pared with the compositions of the CaFeSiO,-Fe2SiO, solid solutions in 
equilibrium with hedenbergite | in the CaO - FeO - S102 System Cg. 116), the 
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Fe.2Si0,- NaAlSi;03 system. The fayalite+albite system (Bowen and Schairer, 
1936) has a simple eutectic at 1050°C and composition 84wt. per cent 


NaAISi 30s. The Phase relationships i in the NaAlSiO.- FeQ- SiO2 system (Bowen 


and Schairer, 1938) are of considerable petrological significance. The lower 
temperature regions of this system and the ternary eutectic compositions are 
alkali- and alumina-rich, and are comparable in their mineralogy and chemical 
compositions with the fayalite-bearing rhyolites and fayalite-bearing phonolites 


and trachytes. The composition of the { fayalite- tridymite- albite eutectic (980 °C) 


approximates to the composition of the fayalite rhyolites, and the ternary eutectic 
fayalite - nepheline- albite (990 °C) to the fayalite phonolites and trachytes. 


' CaFeSiO, melts congruently at 1208°C. Pure CaFeSiO, (iron monticellite, or kirschsteinite) has 
not been recorded in rocks but occurs in slags, and a magnesian kirschsteinite has been described by 
Sahama and Hyténen (see p. 356). 
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Fig. 115. Equilibrium diagram of the system Fe,SiO,- Ca,SiO, (after Bowen et al., 1933a). 
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Fayalite in systems showing immiscibility. The presence of a low-temperature 
immiscibility area in the piane ieucite-fayalite-silica in the system 
K20-FeO- Al20;-SiO2 was demonstrated by Roedder (1951b), and subsequent- 


ly amplified by the same author in 1978. The low- -temperature field extends from 
a temperature of 1270°C, in the favalite-rich, to 1100°C in the favalite-poor 
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region of the system. In drawing Fig. 117 it is assumed that (fayalite + liquid B) 
and liquid B’ represent invariant binary equilibrium, and that fayalite (silica + li- 
quid A) and liquid A’ represent invariant ternary equilibrium. The boundary be- 
tween fayalite and silica has a strong concave curvature, and consequently small 


additions of alumina will bring in low- -temperature immiscibility a and lead to 


marked changes in the phase assemblage with only small changes in temperature. 
To evaiuate the effect of pressure on the system Fe,SiO4-KAISi,;0¢-SiO2, 

Nakamura (1974) studied the composition FagoLc26Q3,, that lies within the cen- 

tral part of the immiscibility region, at 15 kbar. At this composition fayalite is the 


liquid phase at 1 atm, but it is quartz at 15 kbar and the liquidus temperature 


1415 °C. Quartz remains the liquidus phase to a temperature of 1250°C, when the 
composition of the liquid is about Fa4sLc20Q26; fayalite subsequently crystallizes 
at 1225°C. Evidence of liquid immiscibility at 15 kbar was not obtained from 
runs Of FagoLc26Q3, or other compositions within the immiscibility region defin- 


ed at latm. 
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Fig. 117. The system leucite- fayalite-SiO, showing fields of immiscibility (shaded) at low 
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(after Roedder, 1978). 
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In his investigation of the KAISi3;03- NaAISi;O¢- FeO - Fe203- SiO, system, 


acliin As1 O92 hnss,hn neem noitinnal Aiflacanncns ketuissean Seer jee esi 
Naslund {iz/OQ) found tnat tne compositional qairrerence perween the UWO LTS l- 


ble liquids (expressed as total iron) in the system (K,Al)2Si;0s-(FeO + 0°9 
Fe20;)- SiO, increased from 25 per cent at f,, = 107'” to more than 70 per cent at 
So =19°°°’ atm, and that the temperature at which immiscibility occurred also in- 


‘creased with increasing ‘oxygen fugacity. In the system NaAISi;0s- FeO- SiO, 
the low- temperature field of immiscibility was not observed at f, = 10 ~'? but was 
present at f,, = 10°° atm and, as in the system with KAISi;Og, thereafter expand- 
ed as the oxygen fugacity increased (see also Irvine, 1976). 

The position of the two-liquid solvus at high pressure was not determined by 
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Nakamura (1974) in his investigation of the "Fe,SiO4- KAISi304- SiO, system, 
and the elimination of the low- temperature immiscibility field at i5 kbar is not 
considered by Watson and Naslund (1977) to be conclusive. These authors, using 
a starting mixture of composition Or3,.9Fa42.sQzs.s, close to the centre of Roed- 


der’s low-temperature immiscibility field, found that between 1 and S kbar in a 
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volatile- free system the volume of the field i is greatly enlarged, but that the expan- 
sion is considerably smaller in a CO2-saturated system (Fig. 118). 

The system KAISi.0¢- Fe2Si0O,4-SiO2, at 1 atm and with oxygen fugacity con- 
trolled by the Mo- MoO, buffer, has recently been investigated by Visser and 
Koster van Groos (1979a). Their data are illustrated in Figs. 119a, b and 120, 
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showing the liquidus relations on the join leucite- fayalite- silica and the 
temperature- composition section aiong the 30 per cent FeO isopieth respectively, 
and are in good agreement with the earlier results of Roedder. The flat fayalite li- 
quidus with respect to temperature and the strong influence of the two-liquid 
field on the liquidus surfaces of both leucite and tridymite are shown in Fig. 120 


ield on the liquidus surfaces of both leucite and tridymite are shown in Fig. 120. 
The metastable extension of the immiscibility first noted by Roedder was con- 
firmed by Visser and Koster van Groos, and is shown by the stippied band in 
Fig. 119b. 
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Fig. 118. Coexisting melt compositions in the system K,0-FeO- Al,0;- SiO, at 1, 3 and 5 kbar at 
1160°C. S, composition of starting mixture: (a) volatiie-free, (b) CO,-saturated (after Waison and 
Naslund, 1977). 
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Fig. 119. (a) Liquidus relations of the join fayalite-leucite- silica, showing phase field boundaries 
(wt. %). Two-liquid fields are stippled. X- X' indicates the position of the temperature - composition 
section of Fig. 120. (b) Join fayalite—leucite-silica showing the metastable extension of the im- 


miscibility field (stippled broken line) (after Visser and Koster van Groos, 1979a). 





Weight per cent 


Fig. 120. Temperature-composition section along the 30 wt. per cent FeO isopleth of the join 
fayalite-leucite- silica (Fig. 119). Two-liquid fields are stippled. Inset is an enlargement of the dashed 
rectangle. Dotted line represents the metastable extension of the two-liquid field. Fa, fayalite; Lc, 


leucite; Kf, K-feldspar; Ly and L, iron-and silica- rich liquids respectively (after Visser and Koster 
van Groos, 1979a). 
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The addition of P,O; and TiO; to the system K,0- FeO - Al2.0;3- SiO, leads to 


an enlargement of the two-liquid field (Visser and Koster van Groos, 1979b). The 
maximum temperature of the field is raised by 35°C/wt. per cent P2O; and the 
minimum temperature is lowered by about 25 °C/wt. per cent P2O;. The addition 
of TiO, also increases the maximum temperature of the two-liquid field, by 
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25 °C/wt. per cent TiO2; no reduction of the. minimum temperature was observed 
on the addition of 2 wt. per cent TiO2. Visser and Koster van Groos (1979c) have 
also studied the effect of pressure, range 3 to 15 kbar at 1150 to 1310°C on liquid 
immiscibility in the system K,0-FeO-AlI2,0;-SiO.-P.20s, and shown that, 


although in the P,O,-free system 6°5+ 1 kbar is the maximum pressure at which 


Gavaavy 


two liquids occur, the addition of 0°6 and 3:Owt. per cent P.O; extends the 


pressure range to 8:5 + i and i8 +3 kbar respectively. 


Fe2SiO,- FeAl.04 system. The pseudobinary system Fe2SiO,-FeAl,0,4 has 
been investigated in the pressure and temperature ranges 20-125kbar and 


800 - 1320 el (Ohtani and Sawamoto, 1976). With starting mixtures of 3: 1 
fayalite and hercynite the reaction: 


3Fe,SiO, + FeAl,04 = 4FeO + Fe3Al,Si3;0,2 

fayalite | hercynite wustite almandine 

occurs above 25 kbar at 1000°C. The tentative phase boundary of the reaction, 
using 1 : 1 mixtures, is P(kbar) = (9+0°5) + 0°02 7(°C). In the analogous Co 
system a similar reaction, 3Co2SiO,4 + CoAl,0, = 4CoO + Co3Al,Si3;012 occurs 
above 50 kbar at 1350 °C. 


Fayalite- almandine- magnetite and fayalite-almandine- orthopyroxene are 
stable assemblages in the iron-rich part of the ‘FeO’-MgO-Al.,0; system with 


~oe 


excess SiO; at 800°C, 3 kbar, and oxygen fugacity of the quartz magnetite - faya- 
lite buffer (Holdaway, 1976). The two three-phase assemblages, together with the 
compositions of the coexisting minerals are shown in Fig. 121. 


La . 
r ayalite iS @ pr omuinent phase in the FeO-Al, 30;-SiO, system 


Yagi, 1952), and has a eutectic relationship with hercynite (FeAl,O,) at 


ALO, (sillimanite) 
almandine 


//f | \ 
f//// 
weinef'/ ||? 


magne orthopyroxene 


‘FeO’ fayalite MgO 
Fig. 121. Paragenetic diagram for the sysiem ‘FeO’ - MgO - Ai,0, with excess silica, at 860 °C, 3 
kbar and oxygen fugacity of the QEM buffer. Circles and tie-lines show phase compositions and com- 


patibiiities. (i) fayalite- magnetite- aimandine assembiage, (2) fayalite - aimandine-— orthopyroxene 
assemblage (after Holdaway, 1976). 
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temperature of 1150°C at a composition of 89°3 wt. per cent Fe2SiO,; it forms a 
ternary eutectic at 1083 °C with tridymite and iron-cordierite, and forms a second 
ternary eutectic at 1148 °C with wustite and hercynite. 
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ity of fayalite in oxidation an 
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reduction reactions has an important bearing on crystallization, particularly of 
iron-rich liquids, and on reaction processes during metamorphism of iron-rich 
sediments. The relationship between oxygen fugacity, temperature and composi- 
tion for the reaction magnetite + quartz = fayalite + oxygen is pertinent to the 


ahlem Thea t tikes a functin af ay 
prooiem. int univariant equilibria as a function Of oxygen pressure at 


temperatures between 600 and 800°C for the reaction: 
2Fe30, + 3Si02 = 3Fe,SiO, + O2 
have | been determined by Wones and Gilbert (1969) (see also Williams, 1971). 
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2Fe;0, + 3Si0O; + 2H; = 3Fe,SiO, + 2H:0 
has been investigated at Ikbar by Hewitt (1978). The equation for the 
equilibrium, corrected to a total pressure of lbar and applicable in the 
temperature range 650 to 850°C at low to moderate pressures (Fig. 122a), is given 
by: 
ff 2 
log | H,0 | = 625/T + 3°16 +0°110(P-1)/T 
| Sus | 
The equation for the reaction 
2¥Fe30, + 3SiO, = 3Fe,SiO, TU? 
TPC) 
650 700 750 800 850 900 
19.0 T 
My | XQ, 
fayalite LY 18.0 XY 
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10 7 ‘\ 
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Fig. 122. (a) Equilibrium hydrogen fugacities for the reaction 2Fe,O0, + 3SiO; + 2H, = 3Fe,SiO, + 
2H20 at P = 1000 + 50 bars. Solid symbois represent runs where fayalite reacted to magnetite + 
quartz. Open symbols where magnetite + quartz reacted to fayalite (after Hewitt, 1978). (b) Log 
JSo,-\/T piot for the reaction ZFe,0, + 3SiO, = 3Fe,Si0, + O, at P = 1 bar. Curve A after Hewitt 
(1978). Curve B after Wones and Gilbert (1969). 
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obtained from the above data, combined with the equilibrium constant for the 
dec composition of water 1S 


pict of 


The calculated olivine _activity- composition relations in equilibrium with 
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123 and indicate a positive deviation from ideality at the lower temperature and a a 
smaller negative deviation at 1300°C. 
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Ua 
equilibria at 1 atm for the reactiontO, + FeSi,,O, = FeO,,,+ “% S102, measured in 
an electrochemical cell (ZrO2/CaO), from which the equilibrium pressure P,,, is 
obtained directly from the equation: 


Po, = Po, exp(-4EF/RT) 


where E is the cell voltage, P,, the reference pressure of oxygen, and F the Fara- 
day constant =9°648 7.10°C can be expressed: 
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log P, = ~2222 + 8:12 - 6 log a..« 
O02 T Fe2SiO.4 


The effects of oxidation and reduction on the subsolidus stabilities of iron- 


ar ha aA 
bearing olivines have been investigated by Nitsan (1974). They are based on ex- 


isting data on the equilibrium constants of the relevant heterogeneous reactions in 
the system MgO- Fe-SiO,-O, and are illustrated in Fig. 124 which shows the 
calculated stability fields of olivines containing 100, 80, 40, 10 and 5 mol. per cent 
fayalite. The non-stoichiometry, due to homogeneous oxidation and reduction of 


nt aA alanm t fF dAaf. t 
olivines within their stability fields, and the consequent development of defects 


such as metal vacancies and Fe** centres (oxidation) and excess metal and oxygen 
vacancies (reduction) have also been discussed by Nitsan. In illustration, if it is 
assumed that in a part of the stability field the major defect is due to the 
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Fig. 124. The stability fields of olivines of different fayalite contents with respect to oxidation and 
reduction at 1 atm total pressure. Olivine of a given fayalite content is stable under So,7 - T conditions 
corresponding to the area enclosed by the light curve representing its composition, e.g. 5, 10, 40, 80, 
100 mol. per cent fayalite. Heavy lines, boundary curves in the system MgO- Fe-SiO,-O. O, 
fayalite- forsterite solid solution, (Fe,Mg)Si,O.; P, pyroxene solid solution (Fe,Mg)SiO;; M, 
magnetite - magnesioferrite solid solution (Fe, Mg)Fe,0,; S, silica polymorph; I, metallic iron; L, li- 
quid. 

OSM, heterogeneous reaction 6FeSi,,O, + 0, = 2Fe;0, + 3SiO,; OPM, 6FeSi,,O, + 20, = FeO, 
+ 3FeSiO;; OSI, FeSi,,O. = Fe + VuSiO, + ¥20:; OPI, 2FeSi,,O; = Fe + FeSiO, + V0, (after Nit- 
san, 1974), 


homogeneous oxidation reaction then the relationship between oxygen fugacity 
and defect concentration may be expressed: 
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2r MT 72\I2), © od MT Vu © Y 

whara ALand Y are the metal! and avuaan citacin aliuina racnartiva ly 2 the Avucan 
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sites in the environment, and V represents a vacancy. In this model the concentra- 
tion of O? is constant and that of Fe27 roughly proportional to Xra, and the 
defect concentration, expressed by square brackets, is given approximately by 


[Fe47] = [2Vu] = K(X,,¥° Vo,)"” 
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where the equilibrium constant K depends on temperature and pressure and, 
possibly to a smaller extent, on X,,. 


Solid state reactions. Fayalite is produced by a number of solid state reactions 


. . . . . ‘ . 
incliding the formation of favalite + iran cordierite + hercevnite colid colution 
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from almandine, the P- 7 reaction curves of which, at oxygen fugacities defined 
by the iron-quartz-fayalite, iron-magnetite and iron-wustite buffers, have 
been determined by Hsu (1968). 

The assemblage fayalite + leucite + kalsilite is formed by the decomposition of 


quartz- fayali 
Wones, 1962; 
1975). 

Ferroactinolite composition, 2CaO.5FeO.8SiO2.H20O is stable at the oxygen 
fugacity of the iron~ magnetite buffer up to 437 and 543°C at 0°5 and 3:0 kbar 
fluid Pressures. At higher temperatures ferrotremolite breaks down to the 
assemblage fayalite + hedenbergitic pyroxene + quartz (Ernst, 1966). The 
temperature stability limit of ferrotremolite is marginally lower at the oxygen 
fugacity defined by the magnetite- quartz- fayalite buffer, and under these con- 
ditions the higher temperature assemblage also includes magnetite. 

The reaction of fayalite with sulphur at temperatures of 650 and 800°C at 
2 kbar pressure has been investigated b vy Kullerud and Yoder (1963, 1964). At the 
higher temperature pyrrhotite, Fe, S, is the only stable sulphide while at 650°C 
both pyrrhotite and pyrite occur as stable products of the reactions. The 
univariant assemblages produced in the reaction are dependent on the mole frac- 


tion of sulphur in the Fe,SiO, +S starting mixtures as illustrated by the following 
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C=- 1A 9 Fa.GiH, + OC > Fad + Fa.M, +9 2M. 

0 73 @&@ ©v20iwg TT Go peo TT Pegg T & OI? 
wy<S§<% 2 Fe,Sid, + 2S ~ FeS, + Fe;O, + 2 SiO, 
S=% 3 Fe,SiO, + 4 S > 2 FeS, + 2 Fe.0; + 3 SiO, 


S = 5/6 Fe2,Si0, + 5S > 2 FeS, + SiO2 + SO2 (gas) 


Comparable reactions at 650°C and 2 kbar take place with olivine containing 50 
mol. per cent Mg2SiO,, i.e. 


S< 4% 4 MgFeSiO, + S > FeS + Fe;O, + 4 MgSi0; 
S=% 4 MgFeSiO, + 2 S > FeS, + Fe;O, + 4 MgSiO; 
S = 2/s 3 MgFeSiO, + 2S — FeS, + Fe2O;3 + 3 MgsSiO; 
al f Aff. cian mf sean in Da an na faDaC: fy malte mancurs 7 tha 
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temperature range 1250- 1540°C, using °*Fe as the radio tracer and the capillary- 
liquid reservoir method of diffusion measurement (Agarwal and Gaskell, 1975), 
can be represented by: 


log D,, = (-3 800 + 500)/7T- (2°74 + 0°29) 
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1 x 107° cm?. s corresponding with an apparent 


for Fe2SiO., and gives Daussoec = 1x 10™ cm". s corr 
17°4@ x 2°35 KCal/mol. 


activation energy for diffusion o 
For CaFeSiO, 


log D,, = (-5 450 + 620)/T- (1°93 + 0°37) 
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Differential thermal analysis. DTA curves for pure fayalite and two olivines, 
Foss and Fo,a;, under normal atmospheric pressure and under vacuum of 1 


mmHg have ocen PESOCIERG by EINRUALULIMGAILL allu Mueller (LFUI). Ail cotn olivines 


the fayalite component is oxidized in the temperature range 800-850 °C. Fayalite 
oxidizes at a lower temperature and its breakdown is complete at 850°C. 
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"Unlike other oli 

and SiO>2 exist in equilibrium, Nickel olivine was synthesized by fusing NiO and 
SiO, fluxed with 3 wt. per cent CaF, (Grigoriev, 1937). Other syntheses include 
that by Hayashi and Naka (1960a), and complete solid solution between Ni2SiO, 


nd Ma.SiO., hac haan deamanctratad hu Rinewood (1956b) Schwab (1968) show- 
ang NEB 2914 nas oeen aemonsir alu Dy ANALIB VV wy VyYisrvyv Use i1vuvuy oL 


ed that in the compositional range MgNiSiO,- Mg.2SiO, the system is binary, but 
between MgNiSi0O, and Ni.SiO, the solid melts incongruently with the precipita- 
tion of NiO; above the solidus in this compositional range Ni, Ni2SiOz, 


Ni2SiO,- Mg.SiO. solid solutions and liquid coexist. The oxygen fugacity at 


bell and Roeder, 1968) at temperatures between 
nd 1500°C (log f,, (atm) = 5-0). The free energy 
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300°C log Jo, (atm) = 
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CHALIBLS L1U1 LLY ICALLIVUIL at lil 
respectively, and are consistent with the earlier lower temperature data of 
Burdese e¢ al. (1963). In the NiO-Al,0;-SiO, system the decomposition of 
nickel olivine occurs at about 1490°C (Phillips et a/., 1963). 

The phase relationships of nickel and cobalt olivines in the systems 
NiO-SiO.,-H.0 and CoO-SiO.-H.0 were given by Pistorius (1963), and the 
synthesis of cobalt olivines of (Co,Ni,Mg)2SiO, type showing complete solid 
solution have been reported by Hayashi and Naka (1960b, 1961, 1963). Small, 
well developed crystals of cobalt olivine grown, under solid phase conditions, 
from SiO, and cobalt oxalate in a flux of CoCl, at temperatures between 1000 
and 1300°C, have been reported by Tarte (1963). 

The synthesis of zinc olivine at a temperature of 1500°C and 42 kbar pressure 
has been described by Hayashi et a/. (1965). The maximum content of Zn2SiO, in 
solid solutions in the Mg2SiO.- Zn2SiO, system is reported to be 35 wt. per cent 
(Segnit and Holland, 1965; see also Sarver and Hummel, 1962). 
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me atnllin. iron anvA 
Solid SO1utiONS OF (Fe, Ivillj~ olivines in equilibr ium with silica, Mmetaiic iron ana 


oxygen are described by Schwerdtfeger and Muan (1966). 
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Cr’*-substituted Mg2SiO., containing up to 0°10 mole fraction Cr2SiOg, has 


been synthesized by Scheetz and White (1972). 
LiScSiOg and Lip.7sSco.7sMgo.soSiO,4 olivines have been synthesized in air at 
subsolidus temperatures by solid state reactions of mixtures of LizCO3, Sc2Os, 


MgO and silicic acid. Lithium scandium olivines have also been produced by 
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high- -temperature solvent synthesis using a lithium vanadomolybdate as the sol- 
vent (Ito, J.,1977). 

Ringwood (1956a) showed that Mg.SiO, and Mg2GeO, form an unbroken 
solid solution series. The effect of the Si = Ge substitution on the melting 
temneratures is small. the pure maconesium orthogermanate melting at 1855°C 
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(forsterite 1890 °C). 
Fe,GeO, is stabie at 800°C at oxygen fugacities between those defined by the 
wustite - magnetite and magnetite- hematite buffers, and the complete solid solu- 


tion series, Fe2(Ge,Si,;_,)Ou, is stable in the range of oxygen fugacities defined by 
the wiistite- magnetite and fayalite- quartz- magnetite buffers (Hariya and Wai, 


the wustite magnetite and fayalite—quartz- magnetite buffers (Fiariya and 
mign-rressure 1 ransrormations 
The olivine- spinel polymorphism, first referred to by Goldschmidt (1931) for the 


ayoaues 


Ssaws ree sass pS sae awe ed Nef Bei Ww See ee 


thosilicates and orthogermanates. A review of these investigations is given by 
Ringwood (1970). The transformation of forsterite to a spinel structure at high 


pressures was considered by Ringwood (1958a) on the basis of a thermodynamic 
treatment of Ni.SiO.-Me.SiO, sninel solid solutions and their eauilibria with 


Wie tesswese Ws Tega §& Yao swe |G Pe asaws CW aahe Crete esrss Gases tsewae my ease a 


olivine solid solutions, and indicated that the pressure ‘Tequired for. the transfor- 
mation was 175 + 55 kbar at 1500 °C. Ina later paper, Ringwood (1958b; see also 
Ringwood, 1959) calculated the equilibrium curve for the Mg2SiO, olivine - spinel 


transition as 75 kbar at 500°C, 225 kbar at 2000 °C; he also reported the synthesis 


of the spinel p polymorph of fayalite, and determined the transition pressure as 


eaawes eaate NeWE we AE es ew FR Fk eta 


38 kbar at 600°C. The synthesis of Fe,SiO, spinel was subsequently described by 
Boyd and England (1960) who also reported the crystallization, from the com- 
position 10 wt. per cent Mg2SiO,, 90 per cent Fe2SiO, of an olivine- spinel mix- 


ture at 75 kbar and 1300°C. 


In a series af later nanerc Ringwond (1960 1962 1966) described the synt 
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of high pressure, spinel phase, polymorphs of nickel and cobalt olivines (see also 
Akimoto ef a/., 1965a, b). Syntheses of (Mg,Fe)2SiO, spinel polymorphs, con- 
taining up to 35 mol. per cent Mg2SiO,, and a series of spinel phase solid solu- 


tions, ranging in composition from Fe2SiO, to FogsFa;; were reported by Sclar 
and Carricon (1066) and Rinownonod and Matior (19664) recnectively 
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The phase relations of pure synthetic forsterite polymorphs to pressures of 
about 200 kbar have been reported by Suito (1977). At 1000°C the transition of 
forsterite to the distorted spinel (8) phase is at 143 kbar (Fig. 125), and the a-f 


transition point is given by: 
P(kbar) = 108 + 0°035 7(°C) 


The B-y transition, at the same temperature, occurs at about 170 kbar, and the 
transition curve is given by: 


P(kbar) = 115+ 0-055 T(PC) 
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Fig. 125. a- Band B-y phase transition curves for pure Mg,SiO, (after Suito, 1977). 


The synthesis of both the f and y phases using a spinel olivine, Fog3, had earlier 
been reported by Suito (1972). 

The effect of pressure on the melting relations and polymorphism of Fe2SiO, 
has been investigated by Akimoto ef a/. (1967). These authors determined the 


I¢;3 f Ff. lit 
melting curve of fayalite at pressures between 17 and 62 kbar, and the P- 7 coor- 


dinates of the triple point (fayalite - Fe,SiO,-spinel-liquid) at the intersection of 
the melting and the olivine-spinel transition curves (Fig. 126; see also Lindsley, 
1967; Navrotsky, 1977). 

More recent data on the olivine- spinel transformation have been summarized 


by Akimoto et a/. (1976). The Mg2SiO,4- Fe,SiO, system inc 
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Fig. 126. Effect of pressure on the melting relations and polymorphism of Fe,SiO,. Broken lines 
after Lindsley (1967). Continuous lines after Akimoto et al, (1967). 
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tions, designated a (olivine), 8B (modified spinel with orthorhombic structure and 
restricted to compositions with Mg/(Mg + Fe) ratios greater than 0°85) and y 
(spinel). The reaction boundary between the olivine solid solutions and the 
olivine, + spinel, fields, P(kbar) = 61 + 0°054 7 (°C), determined by Ito et al. 
(19 74) i is in good agreement with the phase relations shown in Fig. 127. 

It is evident from the phase diagram of the Mg2SiO,- Fe,SiO, olivine- spinel 
solid solutions that there is a transformation interval in which olivine coexists 
with spinel richer in the Fe,SiO, component. The reaction is represented by the 


equation: oe 5104 component. [he reaction Is repres 
FeSio. 502 + MgSio.sO2 = MgSio.sO2 + FeSio. sO2 
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ressures in the range “0 -87 kbar at "300 °C. and at 
57-98 kbar at 1000 °C (Tabie 19), is illustrated in Fig. 128 in which the mole frac- 
tion ratio of Fe?* and Mg in olivine is plotted against that in the coexisting spinel. 
As AV of the reaction is estimated to be small, —2°28 cal/kbar/mol (Nishizawa 


and Akimoto, 1973), and provided the two solid solutions are ideal, the Dartition 
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would be represented by a line along the 45° axis of the figure. The deviation 
shown by K expressed as: 
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Fig. 127. The olivine- spinel transformation in the system Mg,SiO,- Fe,SiO, at 800 and 1200°C 
(after Akimoto ef al., 1976). 
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Table 19. Chemical composition of coexisting (Mg,Fe),SiO, spinel and (Mg,Fe)2SiO, olivine (after 


nd Akimoto, 1973) 







































































Temperature Pressure Spinel Olivine 

(°C) (kbar) (Mg %)* (Mg %)* {Fe/ Mg)°? (Fe/ Mg)” K’ 

800 47 1-0 10°0 99 9 11:0 
50 5:0 23-0 19 3°35 5°67 
5] 3°5 22°5 27°6 3°44 8-02 
60 11:0 33-0 8-09 2°03 3°99 
73 24:0 55°5 3-17 0°802 3°95 
79 29:0 66°0 2°45 0°515 4°76 
87 34:5 74°5 1:90 0°342 5°56 

1000 $7 15 11:0 65°7 g:1 8-12 
64 9:0 340 10°1 1°94 §°22 
69 17:0 48°5 4-88 1:06 4-60 
81 25:0 61°5 3-11 0°636 4°79 
98 33-0 74-0 2°03 0:39! 5-19 

® Mol. ner cent of Mg2SiO, component. 


Olivine 
(Fe/Mg) 


19 
Spinel (Fe/Mg) 


Fig. 128. Partition of Fe** and Mg between coexisting (Mg,Fe),SiO, olivine and (Mg,Fe),SiO, 
spinel (after Nishizawa and Akimoto, 1973). 


inn 
buy 


The geophysical implications of the olivine-spinei polymorphism in the 
Mg_.SiO, system, particularly relating to temperature and discontinuities in the 


transition layer in the Earth’s mantle are discussed by Fujisawa (1968), Turcotte 
and Schubert (1971), Ahrens (1972), Ringwood (1972) and Sung and Burns 
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(1976a, b). 

The rate of the olivine-spinel transition, based on a kinetic model that 
assumes that the transition proceeds solely through nucleation and growth by 
rearrangement of oxygen atoms, and involves three possible competing 
mechanisms (homogeneous nucleation, nucleation on grain boundaries and 
nucleation on dislocations) has been discussed by Sung and Burns (1976a, b). 
This model leads to the conclusion that the rate of transition at high over- 
pressures increases with diminution of the grain size, with increasing temperature 
(the most critical), and also with stress and possibly hydrostatic pressure. The 


transition rate is higher in more iron-rich olivines, and is greatly increased by 


presence of water or other volatiles. 
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The role of crystal-field stabilization on the equilibrium phase boundaries in 
the fayalite - Fe,SiO, spinel transformation has been discussed by Burns and 
Sung (1978). Calculation of the free energy changes, AG,,., indicate that crystal- 
field stabilization favours the olivine > spinel transition in Fe2SiOg, and leads to 
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transition pressures in compositions (Mg, .Fe,)2SiO4 are reduced by about 
50x kbar, so for olivines containing 10 per cent Fe2SiO,, its approximate mantle 
composition, AP... is about 5 kbar, and thus may raise the olivine- spinel boun- 
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dary in the mantle by some 15 km. 

The occurrence of polycrystalline aggregates of y-spinel (ringwoodite), replac- 
ing olivine in veins cutting the Tenham olivine - hypersthene chondritic meteorite, 
has been described by Binns (1970). Polycrystalline aggregates of ringwoodite, 
Fo7;5, also occur in the Catherwood meteorite (Coleman, 1977). A more recent 
investigation of the ringwoodite in the Tenham meteorite (Putnis and Price, 1979; 
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(Mg, .5:Feo.49Si;-0O4) with that of the olivine in the relatively unshocked part of 
the meteorite. The ringwoodite consists of an aggregate of polycrystalline spinel 
partially inverted to the 8 phase that probably formed by rapid quenching of the y 
phase (spinel). This is the first report of the natural occurrence of the # phase for 
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A post-spinel olivine phase has been reported by Kumazawa et al. (1974), 
forsterite decomposing at 330 kbar and 1000°C to an oxide mixture consisting of 
periclase and stishovite. Later investigations by Ming and Bassett (1975) and 
Bassett and Ming (1976) showed that, in compositions between forsterite and 
fayalite, the post-spinel phases consist of Fe- Meg oxides, as MgO - FeO solid 
solutions (magnesiowustite), and SiO, as stishovite. The transition pressures for 
Fe2SiO4, (Feo.sMgo.6)25104 and (Feo.2Mgo.s)2Si1O4 are given as 160, 175 and 
190 kbar, and the calculated univariant boundary for the reaction Fe2SiO, 
(spinel) > 2FeO(wustite) + SiO, (stishovite) as P= 198 - 0-022 T (°C). 
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L The CUINPUTIEIL OxXIGE mixture phase assemblage aescrivea vy NuUllazawa et al. 
(1974) was, however, not observed by Liu (1976a) or Ito, E. (1977), see also Liu, 
1977b, 1979b), who reported that with load pressures up to 300kbar and 
temperatures of 1400°C the sequence of phase transformations with increasing 
pressure is: 


Mg2SiO, ~ 2" Mg:SiO.” 2°3% Mg2SiO. -9°6% MesiO; + MgO 
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(3-214) (3-467) (3°549) (3 92 7) 


where the percentages represent the volume decrease for each transition at zero 
pressure, and the values in brackets are densities. 
Experiments at 450 + SOkbar and 1000 +300°C by Yagi ef a/. (1978) using 


starting mixtures of synthetic olivine of composition (Mg, _,Fe )2SiO. and pyrox- 
ene, Mg, Fe SiO;, with x = 0, 0°1, 0:2 showed that the products in each case con- 
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sisted of (Mg, Fe)SiO;- perovskite and (Mg,Fe)O-magnesiowiistite. The perovskite 
obtained from pure forsterite composition was identical with that obtained from 
pure enstatite, and the periclase showed ideal unit cell parameters. In the case of 


olivine compositions with x = 0:1 and 0°2 the unit cells were smaller than the 
single nhase nerovskite derived from the pyroxene compositions with the same 
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value of x, while the coexisting magnesiwiistites had larger unit cells. Composi- 
tions of the two high-pressure phases are shown in Fig. 129. 
Shock-recovery experiments, at pressures of 200-575 kbar, on single-crystals 
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oO AlN 
FeO (mol. %) 


Fig. 129. Phase relations in the system MgO-FeO- SiO, at 450 kbar and 1000°C. Open squares, 
open circles and solid circles indicate the composition of the starting material (Mg, __Fe,). SiO, and 
the compositions of the perovskite and magnesiowiistite produced for x = 0, 0°1 and 0-21 2 respectively. 
The solid lines connecting them are tie-lines for the two-phase region. Solid squares represent ex- 
periments starting with pyroxene compositions. Broken lines indicate constant Fe- Mg ratio (after 
Yagi et al., 1978). 


of gem- -quality olivine, Fogo, reported by Schneider and Hornemann (1977), show 
no evidence of high-pressure transformation below 420 kbar. Thereafter the ex- 
tent of the transformation (the product is X-ray amorphous and was identified by 
infrared spectroscopy) to (disordered?) stishovite and an (Mg,Fe)O periclase-type 
phase increases with the dynamic pressure and is complete at $75 kbar (see also 
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Schneider, 1978). 

Ni-olivine is transformed to spinel at a considerabiy lower pressure than 
Mg.SiO,, and a transformation pressure of 18kbar at 650°C was reported by 
Ringwood (1962), whereas a pressure of 26-8 kbar at the same temperature is in- 
dicated by the data of Akimoto ef a/. (196Sa). A more recent study of the Ni- 
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olivine- spinel transformation, at pressures between 20 and 40 kbar, 650- 1200°C 
1t1snn 193AN Orn sae ana ot ad a ahh 


and 3 - 13 kbar, 1ouu-1/Uuu © respectively (Mla, 19/4) shows that the transforma- 
tion can be expressed by the equation: 


P(bars) = 23 300 + 11°8 T (°C) 


giving a pressure of 31 kbar at 650 °C (see also Liu, 1976b). 

High-pressure polymorphs of Co,SiO, have been reported by Liu (1975b) and 
of Mn2GeQO, by Akimoto (1970), Wadsley ef a/. (1968) and Liu (1976b). Solid 
solutions, containing up to 50 mol. per cent Fe2SiO, at 40 kbar and 800°C, of the 


soinel nhase occur in the Fe 5GeQ,-Fe,SiO, system. Extr ati af the al 
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phase boundary to pure Fe2SiO, gives a value of approximately 50 kbar in good 
agreement with 48 kbar at 800 °C as determined by Akimoto and Fujisawa (1965). 

The post-spinel phases of the orthosilicates and orthogermanates of Mn, Co, 
Ni and Zn have been investigated (Liu, 1977a) to loading pressures of about 250 
ta WWNLhar at ANN tn 1k2NN °C, 


The kinetics of the high-pressure phase transformation are considered by Sung 
and Burns (1976b) in relation to the evolution of the transition in down going 
lithospheric plates and its possible consequences on mantle dynamics. 
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Graham and Dobrzykowski (1976) have used the mixed-oxide model to predict 
the elastic properties and density of the mantle in the region immediately below 
the 650 km discontinuity and found it to be consistent with a dunite-peridotite 
mantle in the 650- 1200 km region, and with seismic profiles when they are 
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Alteration 


The minerals of the olivine series are very susceptible to high- and low- 
temperature changes, including oxidation, hydrothermal and deuteric processes, 
low-grade metamorphism and weathering. The reactions are rarely simple and, in 
addition to oxidation and hydration, may involve carbonation and silication. The 
common alteration products are iron oxides, ‘iddingsite’, ‘bowlingite’, serpentine 
polymorphs, brucite, phyllosilicates, e.g. nontronite, magnesian beidellite and 
talc, and carbonates. The alteration products, due to their frequent very small 
grain size and because they may consist of two or more intimately mixed phases, 
are often difficult or impossible to identify by optical methods. These factors 
have led to the common use of omnibus names, such as serpentine, iddingsite and 
bowlingite, to describe some of the alteration products. Thus the serpentine- type 
alteration, although relatively constant in chemical composition, may consist of 
chrysotile, lizardite or antigorite, or a mixture of two or more polymorphs of 
Mg;3S1205(OH),. Both iddingsite and bowlingite have very variable compositions, 
and are mixtures of more than one mineral phase. 


High-temperat . con ts he alteration products 
of olivine in basic lava flows, due to oxidation at high temperature, have been 
discussed in detail by Haggerty and Baker (1967). The formation of the oxide 
phase, magnetite or hematite, is dependent on the partial pressure of oxygen, 
magnetite (+ enstatite) developing at lower, and hematite (+ more magnesium- 
rich olivine), at higher pressures. The former occurs as vermicules, rods, 
lamellae, or as irregular plates, while the latter characteristically forms wide dif- 
fusion rims along grain boundaries. The hematite may be derived either by the 
transformation of earlier formed magnetite, or directly as the result of in- 


tracrystalline migration of Fe?* ions. Spinel, the aluminium of which is probably 
derived from reaction with adjacent grains of plagioclase, may be associated with 
the hematite. Notwithstanding the higher oxidation state necessary for the 
crystallization of hematite, symplectitic magnetite may be preserved within the 


altered olivine due to the protection afforded by the hematite diffusion rim. 
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Magnetite - enstatite symplectites surrounded by hematite diffusion rims such as 
are observed in naturally oxidized olivine have been reproduced by Haggerty and 
Baker by heating magnesium-rich olivine in air to temperatures up to 1000°C. 
Progressive textural changes, from the margins of the crystals where equilibrium 
is reached to central areas of unaltered olivine, in runs of short duration, have 
also been noted by Haggerty and Baker. In the temperature range 800- 1000 °C 
the process of oxidation begins with the formation of an intermediate assembiage 
of magnetite + enstatite, which with continuing oxidation at constant 
temperature inverts to the stable hematite- forsteritic olivine assemblage. 
The nucleation and growth of iron oxides in fayalite and hortonolite hav «Deen 


studied experimentally | by | Champness and Gay (1968) and Champness (1970). A 
temperatures between 200 and 800° °C the main product of oxidation iS a 
hematite-like phase displaying a twinned orientation with respect to the host such 
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that dof Cim> Oo, <Oym> aNd Co,/<210>,,,,- In the early stages of the reaction, the 
hematite is preceeded by a twinned spinel-like phase with A <LI>... 

by I< 12>,, and c,/<1 10>,,, which, at reaction temperatures above 900 °C, is 
close to magnetite in composition. At temperatures between 500 and 800°C the 


reaction products form a cellular fabric in which thin oxide needles are separated 
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by regions of amorphous silica. During the development of the iron-oxide- silica 
intergrowths the interior of the (Mg,Fe)-olivine becomes richer in magnesium, 
and with increasing diffusion at higher temperatures the forsteritic olivine reacts 
with silica to form protoenstatite as indicated by Koltermann’s (1962) earlier in- 
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(Mg,Fe).2SiO, for fast reaction (1080 °C): > Mg2SiO, + MgSiO; + SiO, + Fe.0; 


(cristobalite) 


(Moa Fes,SiO, for nrolonged heating (1N8N PC\- > Ma Sin, + Mein qy 
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+ Fe;0, (cristobalite) 


A complementary study of oxidation produced precipitates in natural olivines 
of lherzolite xenoliths, altered during or following a lava flow from spatter cones, 
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Nunivak Island, Alaska, has been presented by Kohlstedt and Van der Sande 
(1975). The embryonic precipitates are of two types and occur in planar forms 
parallel to (001) originating from [001) dislocations, and in rod-like non-planar 
forms with the long axis parallel to [001] that have also nucleated on a [001] direc- 


tion. The products of the alteration, in general conformity with those of ex- 
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perimentally altered olivines, consist of regions of a-tridymite (amorphous silica 
was not identified), proto- or orthoenstatite, and magnetite and hematite. The 
orientation relationship between olivine and hematite is the same as that shown in 
experimentally altered olivines, but differs in the case of magnetite, with 
(112), (100), in the natural, and (111), mid (100)p, in the heated olivines, and 
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enstatite-olivine. 

The interlameliar spacing is some 2°5 times greater in the natural compared 
with the experimentally heated olivines and the smaller spacing of the latter is 
probably due to the higher temperature of growth. Oxygen diffusion is unlikely 


to be the rate-controlling process of the nucleation and growth of the precipitates 
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as the oxygen diffusivity would need to be some orders of magnitude greater than 
that predicted by Goetze and Kohistedt (1973). A process dependent on the 
transfer of electrons rather than oxygen ions between surface and interior of the 
olivine during oxidation is favoured by Kohlstedt and Van der Sande. Such a pro- 
cess depends on the occurrence of oxygen vacancies in the structure, i.e. olivine > 
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magnetite + defect olivine: 
5(2FeO'SiO2) > 2Fe;0,4 + 2(FeO: FeO ‘SiO.) + 3SiO2 


the charge balance being maintained by the capture of two electrons in the vicini- 
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Micron-sized platelets in olivines, Mg,.73Feo.27SiO4, of the peridotites of the 
Eastern Layered series, Rhum, Inner Hebrides, have been studied by electron 
microscopy (Putnis, 1979). The platelets form two sets and lie on {101} planes of 
the olivine structure. The majority of the platelets are made up of two phases, the 
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clinohypersthene; both phases display an arbitrary relation to the olivine matrix. 
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There is, however, a consistent orientation between the magnetite and 
clinopyroxene in a given platelet indicating that the nucleation and growth 
mechanism of the two phases were related, and that they were likely to have 
originated from an earlier single phase. A second type of platelet is also present 
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ture of the olivine structure that formed during the early stage of oxidation by 
segregation of Fe** centres and metal vacancies within the olivine (Nitsan, 1974; 
see p. 158) from which the magnetite- pyroxene intergrowth later developed 
possibly by a cellular decomposition process. 
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specimens. He found that the symplectite platelets were mainly Ca-pyroxene and 
magnetite lying parallel to (100) of the olivine, and suggested that they are formed 
by an exsolution process removing Fe**, Ca and Al which are unsuited to the 
olivine structure. Moseley also reported lamellae of ilmenite exsolved (1009)) in 
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the Cuillin complex, Isle of Skye. 

Bell et al. (1975) studied symplectite-like platelets of chromite in olivine and 
suggested that they had originated either by breakdown of pre-existing garnet in- 
clusions or by exsolution. 
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The exsolution of chromite from ol 


mechanisms has been reported from well equilibrated chondritic meteorites 
(Ashworth, 1979). The chromite occurs as trails of coarser particles located on 
dislocation arrays in the olivine, to which it is topotactically related with 
A 4 {11 op» byl + {i 12], and CoML 10},,, and as smaller particles remote from 
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tne SUUERI ain oounGdar®: ito ana Snowing two CULILLILUIL a.0ngation ULIVULIVULIIS in the 
olivine host. The larger chromite particles that decorate the subgrain boundaries 
are thought to result from heterogeneous nucleation at these sites where the 
dislocation array could take up some of the strain at the boundaries of the spinel. 
The smaller chromite particles present in those regions of the olivine where there 
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Iddingsite and bowlingite. In many basic lavas the olivine is altered commonly 
to a reddish brown substance usually designated as iddingsite. In thin section it is 
reddish brown, brown, yellow-brown or sometimes yellowish green in colour. 
The material commonly displays moderate, but sometimes strong pleochroism, 
medium birefringence and high refractive indices. The optic axial angle is very 
variable and the optic sign may be +ve or —ve. 

In other basic lavas and in shallow intrusions olivine may be altered to a green 
supstanee with moderate birefringence and refractive indices in the range 1°48 to 

-62. This, and optically identical material when it occurs in amygdales and along 
joints, has been assigned a wide variety of names including bowlingite, serpen- 
tine, chlorite, nontronite, saponite and vermiculite. 

An isotropic, bright orange to deep green substance pseudomorphous after 
olivine, with a refractive index between 1°50 and 1°62, usually identified as 
chlorophaeite, is also sometimes considered to be an alteration product of 
olivine. A chlorophaeite, described by Kardymowicz (1976) as ferruginous 
saponite, with the composition (Mg2-22Fed:4sCao. 18) (Alo. 41 Fed" 26)- 
Si3.9aAlg.9:0:9 (OH)2.0°44 HO, has been reported occurring on the walls of 
fissures in basalt. The average and range of chemical compositions of iddingsite, 
bowlingite and chlorophaeite (Wilshire, 1958) are detailed in Table 20. 

Iddingsite was stated by Sun (1957) to consist essentially of goethite, amor- 
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Table 20 Compositions of olivine alteration products (a fer Wilshire, 1958). All analyses 














recaicuiated to 160 per cent, excluding H,O , before averages computed 
Iddingsite Saponite Chiorophaeite 
Average Range Average Range Average Range 
SiO, 41:20 22:08 - 48°36 44:79  42°68- 46°32 45'11 43°42- 48°17 
Tio, 0-14 0°12-0°26 0°22 0:00- 0°46 0°29 0°00-0°82 
Al,O, 3°81 0:00-5:09 8°24 5°87 - 10°62 3-91 1:37-7:12 
Fe,0; 35°42 25°48 - 60°13 8°90 6°33-12°30 22°13 12°37-30°02 
FeO 0:38 0:00-1:97 4°77 2:70-7:98 6°66 2°36-12°10 
MnO 0:05 0:00-0:11 — — 0:47 0°35-0°62 
MgO 6°85 0:60- 12°71 22°50 = 21:71-23°29 8°16 6°26-11°73 
Cad 2°35 1-71-3°26 1:96 0:32-3:29 3°13 1:97-4°02 
Na,O 0°12 0°12-0°13 — — 0°55 0:00-2:21 
K,0 0°10 0:09-0-10 — _ 0°14 tr-0°47 
H,0* 9°30 5°74- 11-00 8°84 7°47- 10°00 8°39 6°83 - 10°97 
Total 99-54? 100:22 98°94 
H,O- 9°84 4°76- 22°85 10°72 7°69 - 13°52 20°78 12°54- 27°44 
D 2 5-2°8 2:24-2:30 1°81-2°23 


phous silica and magnesia and to be common in those basic and intermediate 
lavas in which the modal percentages of olivine plus iddingsite are in excess of 
normative olivine. The investigation by Wilshire (1958) using X-ray, differential 
thermal analysis, and glycol solvation techniques has shown that iddingsite con- 
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usually together with goethite, also commonly with quartz and calcite, and more 
rarely with talc and mica. The iddingsite pseudomorphs after olivine in the 
Markle basalt, Edinburgh (Smith, 1959) consist of chlorite, hematite and a small 
amount of quartz. The same author (Smith, 1961) has reported the presence of 


the accamhlaga cannnite athite and hematite iddinacitic nseudomornhs i in the 
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weathered Dunsapie basalt. Although iddingsite is polycrystalline it commonly 
behaves optically as a homogeneous substance, and Brown and Stephen (1959) 
have demonstrated that the optical homogeneity is due to the orientation 
throughout a single grain of the crystals of the goethite and layer-lattice silicate 
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layer lattice silicate partly, inherit the oxygen framework of the original olivine. 
An X-ray, chemical and optical study (Table 21) of ‘iddingsite’ from volcanic 

and hypabyssal rocks has been presented by Gay and Le Maitre (1961). The X-ray 

patterns vary from those hardly distinguishable from unaltered olivine to others 
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various reflections. Goethite, hematite and more rarely magnetite or a 
magnesioferrite were identified among the oxide alteration products, although 
the latter may have exsolved directly before the alteration of the olivine began. 
The X-ray characterization of the silicates in iddingsite is more variable than the 
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oxide phases, and way anda Le Maitre suggest tnat tne aiteration mecnanism in- 
volves the diffusion of hydrogen ions into the olivine structure that, by their tem- 
porary attachment to oxygen ions, release Mg, Fe?* and Si ions from their sites 
thus permitting their replacement by Fe**, Al and Ca. The process of iddingsitiza- 


tion is thus considered to be a continuous transformation in the solid state, that 
anaaa the rawttAi.s atanan nF a al na anhaminal 
ilival 


ad 
may be arrested at, or passes through, various slaBRes oI str uctural ang cner 


change. 
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Table 21. Optical properties of iddingsite (after Gay and Le Maitre, 1961) 


Colour Pleochroism Cleavage Alteration R.1.(8) Dispersion 
Red-brown to =‘ Slight None Partial 1°76 + 0°01 — 
orange-brown 
Orange-brown = Slight None Partial 1:766 + 0:003  — 
Orange-brown Slight None Partial 1°762 +0005 — 
Red-brown to — Slight None Complete _ _ 
orange 
Deep ruby red Moderate, Micaceous Complete 1°86 + 0°01 Strong 
tA nrange_rad mavimim 
ty wih apy wh BSLQAASALALUAEL 

absorption// 

cleavage 

cleavage 
Orange-red Moderate None Complete 1:885 + 0°005__—s“ Very strong 

r>y 


The varying strength of the pleochroism displayed by iddingsite was con- 
sidered by Baker and Haggerty (1967) to be related to the degree of ordering 
developed by the goethite component of the alteration. These authors have shown 
that in the early stages of iddingsitization, under conditions of low temperature 


deuteric ovidation anethite accurse in nolucrvectalline ‘rods’ nernendicnular to ther 
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direction of the olivine host, is probably not highly ordered, and in consequence 
the pleochroism shown by the alteration product is only weak to moderate. It ap- 
pears likely that the strongly pleochroic varieties result from two periods of 
alteration, firstly the normal iddingsitization described above, followed by a 


. . . 
later noctudenteric alteratinn recultina fram hydrothermal reheatina that leadec tn 
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a greater degree of ordering in both the goethite and sheet structured com- 
ponents. It is also possible that the strong pleochroism shown by some iddingsite 
is due to a sufficiently large increase in temperature to cause the dehydration of 
goethite with the resulting formation of hematite. 


An invactiaatinn hu Wilshire ar the green hawlhnoaite tune of alt 
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1G p 
has shown that it consists also of smectite-chlorite, together with antigorite 
and/or chrysotile with minor amounts of talc, mica, quartz and possibly 
sepiolite. Earlier, as a result of X-ray and thermal studies, Caillere (1935) and 
Caillére and Hénin (1951) had redesignated bowlingite as saponite. Although 
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tion is uncertain but it is probable that it may include chlorite, saponite, goethite 
and possibly calcite. 

Iddingsite and bowlingite have usually been accepted as products of deuteric 
alteration, and Edwards (1938) has described olivine phenocrysts in basalts in 


which arthaclicata eCaArac ara ourranundad hy fikeraniec wadinacita which ie iteal fF 
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margined by a peripheral zone of unaltered olivine. The zonal sequence shown by 
these phenocrysts is explained by Edwards as the result of an initial period 
crystallization followed by a period of hydration- oxidation alteration which was 
succeeded by a renewed period of olivine crystallization; i.e. the alteration occur- 
red prior to the completion of crystallization of the olivine. A similar example of 
iddingsitization and recurrent crystallization of more iron-rich olivine in the 
basalts of the Simcoe Mountains, Washington, has been described by Sheppard 
(1962). The development of the iddingsite zone is considered to have occurred in 
the volatile-rich liquid at the top of the magma column, and the outer zone of 


@ farrifarnne alin tha att af which te tha e the nhvinain tha 
more Terrier wus O1vine, te composition or wWoicn i§ tne same as tne ouvine in te 


groundmass, subsequent to extrusion of the lava (see also Le Maitre et a/., 1966). 
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Wilshire (1958) has described iddingsite in basalt, in which the crystals are 
distorted in narrow bands parallel to the flow banding, and considered that at 
least partial alteration of the olivine occurred prior to the cessation of flow of the 


lava. 
In manv olivines the dis 
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deuteric and weathering processes is not clearly defined, and Sun (1957) suggested 
that the deuteric alteration of olivine is continued during iater weathering. 
Wilshire, however, has observed the occurrence in a number of basic rocks of 
both green and red olivine alteration products in which the oxidized material is 
present only in the weathered zone, and considered that weathering may change 
the original deuteric alteration products and not merely continue the same pro- 
cess. He has shown that the aiteration products of both unweathered and 
weathered zones consist of the same structural type except that the products of 
the oxidized zones contain goethite. The conversion of the green smec- 


tite-chlorite (sometimes with magnetite) to red smectite-chlorite plus goethite 
SSewe sew LPUwseswesaae vv a Upsswtitwy Wy EWM OLLI LIEW Whsbwiislwe piv ovVvwtisstw 


alteration product can be effected either by the leaching of iron and its recom- 
bination to form goethite, or by weathering of the included magnetite; in both 
cases the goethite acts as the pigment. 

The occurrence of both iddingsite and bowlingite alteration products in single 


flows of the Mull basalts outside the zone of pneumatolysis however, has been 
w was 240640 Www 
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described by Fawcett (1965). The iddingsite alteration occurs in the lower part, 
and bowlingite at higher levels in the same flow. Both products are deuteric in 
origin, and the relationship between iddingsite and bowlingite is essentially 


dependent on the oxidation state of iron, as shown by the conversion of the green 
to the brown products on heating at 600°C in air (see also Baker and Haggerty 
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1967). 

The main characteristic of the chemical composition of the olivine aiteration 
products is the high Fe: Mg ratio (the average Fe : Mg ratio is 8: 1 compared with 
the highest ratio of 1:2 reported in the associated unaltered olivine). During the 
processes of alteration silicon remains relatively constant in amount, the iron is 
converted from the ferrous to the ferric state and its proportion increased, water 
is added in large amounts, and the magnesium largely abstracted. Thus the com- 
positional differences between olivine and its alteration products can be explained 


as a leaching of magnesium and the addition of iron and water, and not as a sim- 
ple process of oxidation and hydration. Brown and Stephen (1959) have shown 
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from the relationships 4(ab), ~ 13(bc), and c, © 3c, between the cell dimensions 
of olivine (O) and iayer iattice silicate alteration product (L) that alteration 
without volume change requires nine cells of olivine to give four cells of layer- 
lattice silicate. If the latter is considered to be a chlorite the volume equivalent is 
found to be: 


Wyss ty Uw 


9{[Mg2Si,O;6] > 4[Mg;2SigO29(OH):6 


” S814 16) x 


olivine chlorite 


from which it is evident that large amounts of Mg are expelled from the olivine 
ecions which alter to the laver-lattice silicate 
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Deweylite, the name applied to some chemical and mineralogical poorly defin- 
ed maiteriai found in some serpentinites, has recently been examined by Bish and 
Brindley (1978). Deweylite is not a distinct mineral species but consists of very 


poorly crystalline 2: 1 and 1: 1-type trioctahedral layer silicates with water in ex- 
cess of that of serpentine and tale that is possibly related to the absorption of 
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water and hydroxyl i ions on the large surface area and unbalanced surface bonds. 


tinction between the effects of alteration due to 


foment 
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Although most accounts of its occurrence (see Lapham, 1961) do not provide 
direct evidence of its derivation as an alteration product of olivine, it probably 
originated by the alteration of pre-existing serpentine minerals. 


Serpentinization 


This is the most widespread and conspicuous form of olivine alteration and the 
commonest process of metamorphism affecting dunites and peridotites. By many 
investigators serpentinization is considered to involve a considerable change in 
volume but, except for the addition of water, and in some cases CO, (and/or 
SiO,), only minimal changes in composition (e.g. Green, 1964; Hostetler ef al., 
1966; Page, 1967; Moeskops, 1977a). The contrary view that serpentinization 
takes place with little change in a volume but involves major changes in composi- 
tion (e.g. Thayer, 1966; Cerny, 1968) is not supported by the evidence provided 


h tui nF n tiniti 
by studies of many serpentinities, but see Coleman (1971), Alcorn and Carpenter 


(1976) and Moody (1976b). 

The main alteration products, particularly of the magnesium-rich olivines in 
ultrabasic rocks are the three serpentine polymorphs (lizardite, chrysotile, an- 
tigorite), brucite, talc and carbonates. Alteration commonly begins at inter-grain 


h d d at t 1 f t ky 
boundaries and at internal fractures working in towards the centres of olivine 


grains or subgrains. There is often a clear distinction between margins and cores 
of grains even though they have been completely serpentinized. Optically, the 
serpentinized olivine usually has a fibrous appearance which leads to the descrip- 
tion of y- or a-serpentine according to whether the fibres are length-slow or 
length-fast. While most y -serpentine is chrysotile or antigorite, a-serpentine 
‘fibres’ usually consist of lizardite platelets piled up normal to the ‘fibre’ axis 
(Wicks and Zussman, 1975). Isotropic inner regions also occur, which are usually 
fine-grained lizardite. 

The appearance of a serpentinized olivine grain in thin section will vary 
according to the orientation of the cut thro ough the crystal. A theoretical study of 
the various mesh-like and hour-glass textures that can result has been made by 
Wicks e¢ al. (1977), and Wicks and Whittaker (1977) describe and classify a 
number of pseudomorphous and non-pseudomorphous textures as observed in a 
wide range of serpentinites. 

In addition to mesh-like textures, serpentinized olivine can take the form of 
veinlets of chrysotile or interpenetrant flakes or blades or lizardite or antigorite. 
Such textures are commonly secondary and are the result of recrystallization, 
with or without shearing phenomena. Of the accessory minerals, brucite and 


magnetite (from more iron- ‘rich olivines) are the most common that are found in- 
timately associated with the serpentine. 

Mesh textures, characterized by the presence of net-like ‘cords’ or veins, con- 
sisting of simple or composite cross-fibre, length-fast, serpentine variants occur 
in the metaserpentinized olivine-rich sills of the Archaean greenstone belts, east 
of Kalgoorlie, Western Australia (Moeskops, 1977b). In the more highly altered 
rocks the areas between the cords consist either of fibrous y- serpentine, or ‘amor- 
phous’ serpentine variants. Parallel vein textures are present in some of the 
meta-serpentinites, in which the pseudomorphs after olivine are replaced by 
closely spaced, sub-parallel cross-fibre veinlets of a- serpentine, and in the most 
highly schistose zones by fibrolamellar intergrowths displaying flake, flame and 

evtures In the weathered metacernentinites the ralict alivine i 


needle mat-like textur Gs. In the weather ed metaser pentinites the relict olivine is 
replaced by clinochrysotile, due to reaction with percolating groundwater as ex- 
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pressed by the reaction: 2Mg SiO. + 3H,O = Mg;3Si.O; (OH), + Mg?* + 2(0H)-. 


The serpentinization of the alpine-type peridotites of southern Quebec 
(Laurent, 1975) took place in two main episodes: the first resulted in the partial or 
complete replacement of the olivine, Fos,—- F0s0.;, by lizardite, the second in the 
formation of cross-cutting chrysotile asbestos veins. The first episode occurred in 
two stages, and began with the development of a network of veinlets, (consisting 
of fibrous and ribbon-like textured lizardite, along microfractures in the olivine. 
Somewhat later the remnants of the primary olivine were replaced by lamellar 
lizardite. A small but regular decrease of the MgO/SiO, ratio accompanies the in- 
creasing serpentinization that is probably due to a loss of magnesium rather than 
a gain in silicon. The second main episode of the process of serpentinization led 
to the development of asbestos veins, the selvages of which consist of cryp- 
tocrystalline, banded, fibrous lizardite that grades through coarser-grained lizar- 
dite and associated brucite fibres into a mesh-textured serpentinite. The central 
parts of the veins are made up of cross-fibres of clinochrysotile that formed by a 
process of diffusion and solution transport during the progressive opening of 
dilation fractures. 

In the partially serpentinized dunites (serpentine contents varying from © 6-45 
per cent, mean olivine composition Fos99) of the Webster- Addie ultramafic 
body, North Carolina (Condie and Madison, 1969), chemical, modal and density 


data show that increasing amounts of serpentine (chiefly _ chrysotile) are 


associated with increasing SiO, and decreasing amounts of FeO and MgO, the 
MgO/(MgO + FeO) ratios remaining approximately constant. Compositional 
plots of FeO, MgO and SiO, as functions of the serpentine present in the partially 


serpentinized dunites were used to determine its original composition, and Con- 


die and Madison suggested that the serpentinization may be expressed by the 


olivine added serpent lost in solution 
5 Mg2Si0, + SiO, +6 H,0 —> 3 Me.Si,Os (OH)4+ Mg 
(704 g,220cc) (60g) (108 g) (831 g, 330 cc) (40 g) 


Such a reaction would with complete serpentinization result in an increase in 
volume of © 50 per cent 
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In the presence of CO,, in addition to H,O and SiO;, talc and carbonates also 
occur as products of the alteration: 
ARAR GQIf\ LA Mm 1a. 
JIVE Z2 014 T 42U T SIU? 
olivine ‘serpentine’ 


2Mg;Si.0; (OH), + 3CO2 > Mg3Si,O;9(OH)2 + 3MgCO; + 3H2O0 
‘serpentine’ talc magnesite 


sehen mare ~ 


ne p pnen Ocrys ts by talc and carbon iaieé, in the mon nch 
as been described by Barrington and Kerr (1962). 

Lizardite + c rysotile +m magnetite + thomsonite is the common assemblage 

sociated with the serp entinization of the olivine in the cumulates of the 
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Itramafic zone of the Stillwa ter complex, Montana (Jackson, 1969; Page and 
Nokleberg 1972; Page, 1976). Obvious evidence of disturbance of the primary 
cumulate textures is absent and the olivine is replaced by typical mesh texture 
lizardite cross-cut by thin veins of clinochrysotile. Fine-grained magnetite and a 
small amount of randomly distributed calcite are also present in the mesh struc- 


ture. The alteration is not accompanied by any major change in bulk chemistry, 
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but the participation of the intercumulus plagioclase in the process of serpen- 
tinization is indicated by the presence of thomsonite, 


thom cmniits 


cent conversion. Provided, however, tha the expansion occurred equally i 
directions the linear expansion would be some 2:7 per cent, of which part could 
be accommodated by the radiating fractures around partially altered olivines, and 
possibly also by the shear and faulting within the ultramafic zone and to which 


tha daoraasa of altaratinn ic ralatad 
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A correlation between greater serpentinization and larger grain size of the 
olivines of some dunites and harzburgites has been noted by Shternberg and 
Chashchukin (1971). These authors also observed that the partition of iron, ex- 
pressed as the Fe/(Fe + Mg) ratio in the coexisting alteration products, 
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serpentinized ultramafic rocks, and they have suggested that the degree of altera- 
tion is not dependent on the kinetics of the process but is mainly the result of the 
pressure at the time alteration took place (see also Evans and Trommsdorff, 
1972, on the partitioning of iron between olivine and brucite and serpentine 
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forsterite can be applied to olivines containing up to 20mol. per cent of the 
fayalite component). 

The serpentinization, and subsequent modification during a period of defor- 
mation and regional metamorphism (middle greenschist facies), of the originally 


teanhkaacirn pumiulate alliibea hadiac anf the DBulang ramnlev Wactaen 
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Australia, has been examined by Moeskops (1977a). The textural changes, that 
probably began at a late magmatic stage, continued during the regional metamor- 
phism and terminated with the development of asbestos-bearing metaserpen- 
tinites; non-fibrous serpentine veins of post-tectonic retrograde origin, are 
described in detail. In the relatively m massive and undeformed rocks the a arrange- 
ment of the net-like cords or veins is mainly determined by the primary features, 
cleavage, grain boundaries and internal fratures, of the original olivine. The tex- 
ture of the serpentine in the deformed rocks changes progressively as the intensity 
of the deformation increases. The cords first became more regular and sub- 
parallel, and consisted predominantly of cross-fibre chrysotile, while in the more 
highly schistose serpertinite a parallel vein texture has developed. Here the 
serpentine consists mainly of antigorite, in conformity with its formation at a 
higher grade of the regional metamorphism. 

The difference in the formation temperatures of the serpentine polymorphs, 
based on the oxygen isotope fractionation between serpentine and magnetite, has 
been demonstrated by Wenner and Taylor (1971). Lizardite and chrysotile form- 
ing at temperatures between 85 and 115°C and antigorite at 220- 460°C in con- 
tinental rocks. 

It is, however, possible that in oceanic environments serpentinization occurs at 
higher temperatures. Aumento and Loubat (1971), on the basis of chemical, 
mineralogical and isotope criteria of the ultramafic rocks of the Mid-Atlantic 
Ridge, concluded that the serpentinization occurred under deep-seated conditions 
at a temperature of about 480°C. 

The difference in the formation temperatures of serpentine polymorphs is con- 


sistent with the development of lizardite-chr ysotile by processes involving 
ground waters and/or connate waters or brines, in contrast to the process of an- 


Olivine Group: Olivine 177 


tigorite serpentinization through the reaction of olivine with water of deeper 
metamorphic origin. Further evidence (Wenner and Taylor, 1973, 1974) of the 
importance of meteoritic ground water in the formation of lizardite- chrysotile is 
provided by the correlation of oxygen and hydrogen isotope fractionation and the 
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antigorite differ from those of lizardite- chrysotile but show a similarity with the 
values for metamorphic chlorites suggesting that the antigorite polymorph has 
developed during regional metamorphism in the presence of non-meteoritic water 
(see also Johnson et al., 1977). 


Evidence in support af tho 
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tion is also provided by the composition of surface waters from ultramafic 
masses. The predominant cation and anion in surface waters derived from 
unaltered ultramafic rocks and from serpentinites are Mg?* and HCO3;" respec- 


tively, in contrast to Ca?* and (OH) in those issuing from partially serpentinized 
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saturated with respect to forsterite, and there is a Gibbs free energy potential to 
dissolve magnesium-rich olivine, the thermodynamically permissible reactions 
being: 


Mg, SiO, + 4H* > 2Mg?* + H,SiO, 
Mg”* + 2(0H) > Mg(OH)2 


brucite 


wre: ' ~ A, OF SON LLY H) . 6H* 


ig*” + 2H,SiO, + H.0 > Mg;3Si20;(OH), + 6 
‘serpentine’ 


This adds support to the postulated formation of the brucite- ‘serpentine’ 
association under near surface conditions. 

Additional evidence of low-temperature-pressure serpentinization, the 
deuteric origin of which can be discounted on account of the adcumulate texture 
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Jimberlana intrusion, Western Australia (Campbell, 1975). Boreholes in these 
series show that within 100m of the water table the cumulates are 60 per cent 
serpentinized, resulting from an unloading process that led to a widening of frac- 
tures close to the surface and facilitated the reaction of H,O and CO, with adja- 
cent crystals of olivine. The consequent volume expansion would in turn lead to 
the development of more microfracturing, more penetration of H,O and CO:, 
and the development of further serpentinization (see also Moeskops, 1977a; 
Cashman and Whetten, 1976). 
The role of the aqueous phase in the process of serpentinization has been 
discussed by Nesbitt and Bricker (1978). The stability relations between aqueous 
solution and the hydrous and anhydrous phases are represented by a 
log{(ay,,2+)/(dy+)7} - log (ay sio,) diagram at 25 °C, | bar total pressure and Qo = 
1:0 in Fig.130 from which it is apparent that the anhydrous phases cannot attain 
stable equilibrium with the hydrous minerals. Under the conditions shown in the 
figure, forsterite (and enstatite) may dissolve in solutions passing into an 
ultrabasic rock until it is saturated with respect to chrysotile, talc and/or brucite. 
When this is achieved, a hydrous phase precipitates and the solution is prevented 
from becoming saturated with respect to the anhydrous phases. Alternatively if 


the solution entering the ultrabasic rock is undersaturated with respect | to 


forsterite (and enstatite) these phases may equilibr ate with the solution, provided 
that the precipitation of the hydrous minerals was too slow to control the com- 
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Fig. 130. Log [(a,,. 1+)/(y+)?]- log (@,, c,,) diagram constructed for 25°C, 1 bar total pressure and 
1 1:0. Solid circles, waters from dunites; half-filled circles, brucite-bearing serpentinites; open 

0s, serpentinites. The broken curves are metastable extensions of mineral saturation curves. Fo, 
forsterite; En, enstatite; Tc, talc; Ch, chrysotile; Br, brucite; SiO,(am), amorphous silica (after 
Nesbitt and Bricker, 1978). 


osition of the a e. the cond of these mechanisms 
occurs is dependent « on the relations hip between the rate of dissolution of the 
anhydrous phases and the rate of precipitation of the hydrous phases. If 
precipitation is fast the first mechanism will operate, if dissolution is the more 
rapid then the second model is applicable. As found by Barnes and O’ Neil (1969), 


the surface waters of ultrabasic rocks are sunersaturated with resnect to chrvsotile 
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and brucite. In addition the compositions of the solution plot near to the 
forsterite-solution curve of Fig.130 and are thus close to equilibrium with 
forsterite. Thus the data for these natural waters are consistent with the model of 
serpentinization in which rapid dissolution of the most soluble solid phases oc- 


roducts arm slowly fram the reoniicite comnonentc of the 
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curs; alteration p 
tion. 

Although serpentinization is usually discussed with reference to pure 
magnesium phases, the products of the alteration process, as well as the primary 
olivine, invariably contain some iron. Brucite formed initially is more iron-rich in 


ramnoanctinn than in tha main ctage nf the raartinn and tha aecnciated 
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recrystallized olivine more magnesium-rich than the primary constituent of the 
original dunite or peridotite (Shternberg and Chashchukin, 1969): 


ow 
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2°75Mg,.sFeo. 2810, + 3H,0 + 0°325 O2 = Mgi.g4Feo. 165104 (i) 
+ Mgp.92Fe**o.o5Fe* *9+139i205(OH)s + Mgo.75Feo.2s(OH)2 

(lizardite- chrysotile) (brucite) 
2Mg,. g4r€o. 165104 + 3H2 O + 0°325 QO, (2) 


+ 
=Mgp,. e>Fe2* Q« -osFe?*y. 139120;(OH), + 


“eae Oe ™ 


(lizardite- chrysotile) (brucite) 


In the final I stage of the alteration nearly pure antigorite, Me2. gaFe**o. 05 


Dajt aAdircad and ad th 
re’ o. 0191,0;(0H 14, iS proaucea ana is associated with a more magnesium-t rich 


brucite, Mgo.9sFeo.o5(OH)2, and a small amount of magnetite, i.e. in the final 
stage the rock undergoes partial dehydration. 
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The equilibrium water-vapour pressures of these reactions have been com- 
puted by Malakhov (1971), and lead to estimates of the depths at which the initial 
and main stages of serpentinization occur of 2‘8-6°2km and 1-4km respective- 


Twa imnortant reactionc invalved in the nrnacece af cernentinizatiogn are: 
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3Mo,SiO. + 3H.O = Me.Si,Q.(OH). + Mef(OH), (1) 
SNES 2OIN SP ZEZN TT MAB OEZNI SEE TAVERN SE? N47 
forsterite chrysotile brucite 
6Mg,SiO, + Mg;3Si,0,0(OH)2 + 9H,0 =5Mg; Si,0;(OH), (2) 
forsterite talc serpentine 
The effect of i on the equilibrium curve for reaction (1) (Johannes, 1968, see 
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Baby VWs dewt Vi ror n Wee CEA Why teas 


also p. 100) has been investigated by Moody (1976a). The pressure- temperature 
curve defining the minimum thermal stability of olivine Fo93, for the assemblage 
olivine + chrysotile + brucite + magnetite + fluid shows a 15°C shift to lower 
temperatures compared with pure forsterite at all temperatures (Fig. 131); the 


mass- s-bala ce ennation may he eynreccad: 

wea nce wh wyuatival aclaay vw wap wOOVU, 
10(Mg; .ssFeo.;4)SiO, + 14°2H,O Mg; Si,0;(OH), 
A o1*900 Vv i197; — & <& 8(N ~ aN =; 


or, if the solid solution is stated in terms of the two end-member reactions: 


5Mg2SiO, + Fe,SiO, + 9H,0 = 3Mg;3 Si,0;(OH), + Mg(OH), + 2Fe(OH), 
3Fe(OH)2 = Fe;30, + 2H,0+ H2 


The rates of hydration of synthetic forsterite and of a natural olivine, Foss, 


have been investigated exp entally at a pressure of 1:3 kbar in th 
temperature range from 200 to "400 °C (Martin and Fyfe, 1970). 
The rate of conversion of forsterite to serpentine increases as the relative 


amount of water increases, with a maximum occurring between 250 and 300°C. 
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Fig. 131. Reaction curves for 10(Mg;.s¢Feo.14)SiO, + 14°2 H,0 = 5Mg;Si,0;(OH), + 3°8 


(Mgo.9sFeo.0s) (OH), + 0°4Fe,0, + 0°4H, (after Moody, 1976a) determined with iron- magnetite 
buffer, and for 2Mg,SiO, + 3H,O = Mg,Si,0,(OH), + Mg(OH), (after Johannes, 1968). 
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Per cent conversion-time curves were interpreted as recording an initial period 
during which nuclei of the hydration product are forming, followed by a period 
of acceleration during which nuclei are both forming and growing, and finally by 
a period when growth continues without the development of further nuclei. 


Two theoretical scrowth models were chown to he concictent with an initial 
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reaction mechanism “involving a rate-determining heterogeneous (surface) nuclea- 
tion and growth at active sites on the reactant surface, and a later diffusion- 
controlled mechanism as the amount of the product increases. 

An investigation of the magnesium and silicon kinetics and the hydrogen ion 


evchange kinetics for an olivine of composition (Ma Fe ..,810), (Luce ef al, 
WWI wy bwtswn wa ee UVigo e9i-a WO OF 72H aE st ys 


1972) shows that the initial surface exchange is restricted to the replacement of 
Mg?* by sorbed H*, and is compiete in a few minutes, and that the total number 
of Mg?* ions is dependent on the pH of the solution and restricted to a layer less 
than one unit cell in thickness. Over longer periods, at pH values of between 2 4:0 


and 10:0. the extraction curves af magnesinm and cilicon 
445N4 AW wy Sew WELW AL WL Fw Wa ARRAS AAW eases CAEAMS JALAL 


relationships: 
One = Kuagl” + Qvre, 


Os; = kei? + Os; 

where Oi is the number of moles/cm? extracte Ga, «iS tne paraoo onsia 
for extraction determined from the slope of the straight line plot of Q against ¢’, 
and Q, is the number of moles/cm? rapidly exchanged between the olivine sur- 
face and the solution. At a pH = 1°66, the Si extraction curve is linear while the 
Mg curve shows a transtion from parabolic to linear at ¢ 6 x 107’ mol/cm? Mg*" 
extraction (Fig. 132a). The parabolic exchange kinetics are discussed by Luce ef 
al, (1972) in terms of two rate-controlling mechanisms, non-steady-state diffu- 
sion of ions within the mineral, and quasi-steady-state diffusion of ions through a 
leached shell surrounding the mineral, both of which are considered to be consis- 
tent with the experimental data. 

The dissolution of f fayalite (SiO, 29° 36, FeO 67° 09, CaO 0°06, MgO 0°16, 
MnO 2:21 wt. per cent) at pH 4°5 and P, of 1 atm also shows that the rate process 
is close to being parabolic, with the rate of the release of Fe*” considerably higher 
than SiO, (Fig.132b). In a nitrogen atmosphere the release rate of Fe?* is approx- 
imately an order of magnitude greater than when oxygen | is present, but under 
anoxic conditions the dissolution curves are not parabolic (Siever and Woodford, 
1979). These authors infer that the dissolution reaction involves an initial ex- 
change reaction between Fe** and Mg”* and other cations with H’, that is follow- 
ed by a slower rate of incongruent dissolution of the silicate structure with or 
without the formation of a surface layer through which the diffusion of ions con- 
trols the rate of reaction. 

SEM photographs of the dissolution of freshly crushed olivine grains in buf- 
fered solutions containing varying amounts of sodium acetate and acetic acid 
having a total solute concentration of 0°1M indicate that the process is not 
isotropic (Grandstaff, 1978). In the initial stages, as shown by the development of 
etch pits, dissolution takes place preferentially along, or at the intersection of, 
dislocations or cleavages. The specific surface area was found to increase rapidly 
during initial dissolution and was subsequently followed by a decrease in the rate 
of dissolution. The lack of thick or continuous residual or precipitated layers sug- 
gests that the dissolution is unlikely to result from a diffusion process but is more 
probably controlled by the rates of surface reactions. 

The hydrolysis of olivine at different temperatures and varying rates of the 
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Fig. 132. (a) Linear extraction plots for forsterite at a pH of 1°66. Note the transition from parabolic 
to linear kinetics for Mg** extraction (after Luce et al., 1972). (b) Dissolution of fayalite, pH 4:5, Po, 
= ] (after Siever and Woodford 1979). 


supply of the hydrolysing solution (Pedro and Delmas, 1971; Delmas, 1972) 
showed that when the supply of solution is slow the molecular ratio SiO./MgoO in 
the solution was less than 0:532 and the material under alteration became richer 
in SiO,. Under these conditions the effect of the amount of solution supplied is 
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fect occurs if greater amounts of solution are supplied, the SiO,/MgoO ratio in the 
solution is greater than 0°532 and desilication of the olivine results. 

The hydrothermal alteration of olivine, FogsFa,;, in both alkali and neutral 
solutions has been reported by Korytkova and Makarova (1971). Partial altera- 


tin ta antignrita with incliuctane af m atita aroure aftar thras dayvcin 2 S val 
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per cent NaOH solution and temperatures of 200 and 500°C and a pressure of 
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900 atm. The serpentinization is complete and consists of 80 per cent flaky an- 
tigorite and 20 per cent fibrous chrysotile after treatment for 30 days in 0°8-1-:0 
per cent NaOH solution at the same temperatures and pressures. Partial serpen- 
tinization was also achieved using distilled water at similar temperatures and 
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duct, and is associated with minor amounts of single chrysotile fibres. 

Small crystals of single phase Ni- Fe alloy have been reported by Nickel (1958) 
in a serpentinized asbestos-bearing rock and are considered to have formed dur- 
ing the serpentinization of primary olivine and orthopyroxene containing approx- 
imately 0°2 per cent combined nickel. 

In an experimental study of the weathering of a nickeliferous olivine (Per- 
ruchot, 1976), forsterite was found to decay to an amorphous silica-enriched 
silico-magnesian product in which the concentration of nickel may be 20 times 
greater than the initial content of Ni in the olivine. 


The ranliaramant of aliyvyine hy Fal Ni and Cr eninhidec in thea EF 
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nickel deposits has been described by Haapala (1969), and similar replacements 
have been noted in olivines of the Muskox intrusion (Chamberlain ef al., 1965), 
and in the Ungava nickel ores (Philpotts, 1961). A more unusual replacement of 
olivine by a supergene modified primary pyrrhotite - magnetite- pyrite- 
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(1977). 

The form of the occurrence of chlorine in altered dunites, and the role of 
chlorine in serpentinization has been studied by Rucklidge and Patterson (1977). 
Although their observations are not conclusive they suggest that chlorine may be 
present in a submicroscopic solid phase, the composition of which is expressed by 
the formula Fe,(OH);ClI. Chlorine has been found only in those ultramafic rocks 
which are partially serpentinized and is concentrated most strongly in a zone close 
to the olivine. As Fe2(OH);C1 is stable only in alkaline solutions, and as ground 
water is generally either neutral or acid, serpentinization must lead to an increase 
in pH of the solutions. This effect has been observed experimentally by Poty ef ai. 
(1972) in their investigation of solution-mineral equilibrium in the system 
MgO-SiO,-H,0- MgCl, at 500°C and one kbar water pressure, and Barnes and 
O’ Neil (1969) have noted that solutions with a pH as high as 12 are known to 
emerge from peridotites in the process of serpentinization. During the alteration 
of olivine to serpentine, hydrogen is consumed, pH increases, the hydroxy- 


chloride is thereby stabilized in the resulting alkaline solutions and may 
precipitate with the serpentine fibres as illustrated by the reaction: 


4(Mp.75Feo.25)2510, + +5H,O +HCi-> 2Mg3S8i120 5(OH), + Fe(OH); cl 


de phase is stabilized at the reaction front the sug- 
iS subsequently dissolved a ae esh solutions replace 
ti and t 
1ro 


Although the hydro oxychlori e 

gested process requires that it 

those modified by the ¢ pr ro ion of serpentine, a hereby also provides a 
val 


during the process of serpentinization 


wes esses LQ stvss. 


it 
duc 
of 1 


Optical and Physical Properties 


The variation of the optical properties with chemical composition of the olivines 
has been investigated by Deer and Wager (1939), Kennedy (1947), Poldervaart 


(1950) and Henriques (1958). Bowen and Schairer (1935) showed that for syn- 


thetic olivines there is a linear relatio ] nship between the optic axial angl es and 
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refractive indices with changing composition from Mg2SiO. to Fe2SiO«. 

The approximate composition of an (Mg,Fe)-olivine may be determined op- 
tically most expeditiously by measurement of the optic axial angle. More precise 
results can be obtained from the refractive indices. These, however, are not readi- 
ly determined in orains. for although the ontic axial plane i is perpendicular to the 
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two cleavages, these usually are not developed sufficiently. well to give cleavage 
fragments on crushing. The indices of olivines with a high content of iron are 
beyond the range of most refractometers, and the method of the hollow prism 
and minimum deviation is necessary to measure the refractive index of the 
matching liquids. Although the variation of specific gravitv with chemical com- 
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position is precise, measurements of this property are not in general of sufficient 
reliability, due to the common presence of ore inclusions, to give satisfactory 
results. Convenient X-ray methods of determining the composition of an 
(Mg,Fe)-olivine have been described in the section on structure (p. 15). 


Optic axial angle. The 2V, for pure forsterite is 82° and for pure fayalite 134°, 
the change in sign occurring at approximately i2 moi. per cent Fe2SiO,. in Fig. 
133 the optic axial angles are shown to vary linearly with composition, and the 
minor deviations from this relationship displayed by natural minerals may be 


related to small and variable replacements of Mg and Fe?* by Mn. Ti Fe?*, etc. 
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Kuno (1950) and Hamilton and Neuerburg (1956), however, ‘reported variations 
in the values of 2V in different olivine crystals within a single thin section, and 
Game (1941) suggested that the thermal environment of crystallization, par- 
ticularly in rapidly chilled volcanic rocks, may cause anomalous optic axial 


anolec Chidoha and Frechen (19042) from the measurement of a larae number of 
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optic axial angles of olivines from basic and ultrabasic rocks have shown that the 
2V is a less reliable guide to the composition of olivines in volcanic rocks com- 
pared with those of plutonic paragenesis. They also demonstrated that the optic 


axial angles of olivines from plutonic rocks decrease by 3° to 4° on heating to 
1 100°C. Game (1 QA 1), Frankel (1943) and Tohnston (1983) found discrenancies | in 


ne (1941), F id Johnston epancies in 
the optic axial angles of olivines measured over the a and y vibration directions, 
2V, giving higher values than 2V,. 

Wyllie (1959), as a result of measuring more than a hundred optic axial angles 
on magnesium-rich olivines from two picrite sills, using both double and single 


avic rAnnecanic mathnde hac chown that there are cianifirant diffarancrec hae_ 
@xiS COonoscopic Mectuioas, nas SNOWN that tnere are Ssigniicant airrerences of 


tween double axis measurements of 2V determined over different bisectrices. He 
concluded that a single measurement of 2V may be in error by as much as 3 ° (cor- 
responding with approximately 6 mol. per cent Fe,SiO,) and that optical deter- 
minations on olivines having optic axial angles close to 90° may be unreliable 
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Maske, 1966). 


Refractive indices. The refractive indices of the synthetic (Mg,Fe)-olivines vary 
from a 1°635 y 1°670 for pure forsterite to a 1°827 Y 1: 879 for fayalite (Fig. bro 
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regression equation of the type: 
a=a+%aN,+ia'N, 
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where a is a constant, a represents the effect of the cation of type i on the refrac- 
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The variation of the refractive indices with pressure have been measured (Kirk 
and Vedam, 1972) by observing the shift of localized interference fringes using a 
crystal plate of olivine. The three principal indices each increase at a very small 
rate, (dn/dp) 0-035, 0°04, 0:063 x 10°°/kbar for a, B and y respectively (Fig. 134 


and Table 22 in which the variation of the refractive indices with volume strain is 
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also given). 


Table 22. Piezo-optical properties of forsterite (after Kirk and Vedam, 1972) 


yo 10° An 
Ref. index = dn/dp f in \ vol. strain 10° x An at 0°25% 
(A 5893 A) (1073 kbar”) (ap } at 7 kbar (%) for 7 kbar vol. strain 
a 1:635 0°03; 0:04, 0°024, 0-011, 
p 1°651 0°04. 0°05, -6°55 0°032 0-014, 
1:670 0:06; 0:08 0°044 0°019, 
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ractive indices with pressure and volume sirain ai temperature of 


The variation of the B-refractive index in the forsterite-fayalite-tephroite 
series, in conjunction with the d,39 spacing, has been adopted by Mossman and 
Pawson (1976) to construct a compositional determinative grid (see Fig. 187, 
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p. 346). 
The refractive indices of the synthetic caicium-iron olivines (Table 23) have 
been measured by Bowen et al. (1933a) and by Wyderko and Mazanek (1968). 


The birefringence of the members of the series is high, but decreases from 0-054 
to 0°046 as the Ca-SiO, content increases 
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A method of measuring the principal refractive indices of olivines using a spin- 


die stage and interference microscope has been described by Sabatier (1965). 


Fig. 133. Variation of the optical properties and density with chemical composition in the 
(Mg,Fe)-oiivines. End-member vaiues for ZV, from Henriques (1958); refractive indices from Bowen 
and Schairer (1935), and density from Bloss (1952). Symbols show data for minerals in Tables 4-10. 
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Table 23. Refractive indices and specific gravities of synthetic calcium-iron olivines 











Composition (wt. %) Refractive indices Specific Reference 
gravity 
Fe,SiO, Ca,SiO, a B Y 
100-0 —_ 1°830 1°868 1°880 4:29 Wyderko and Mazanek, 
1968. 
100-0 — 1-824 _ 1-874 —_— Bowen et al., 1933a. 
88:75 11°25 1-800 1°836 1-850 4:06 Wyderko and Mazanek, 
1968. 
77°24 22°76 1:762 1-803 1812 4:00 Wyderko and Mazanek, 
1968. 
77:0 23:0 1-760 — 1-814 — Bowen et al., 1933a. 
66:0 34-0 1:730 _— 1-785 — Bowen ef al., 1933a. 
64°98 35-02 1-730 1:763 1-783 3°78 Wyderko and Mazanek, 
1968. 
54°53 45:47 1:692 1:728 1°740 3°64 Wyderko and Mazanek, 
1968. 
54:5 45°5 1°696 —_ 1:743 3°64 Bowen ef al., 1933a. 
48 $2 1:690 — 1°737 3°64 Bowen ef al., 1933a. 
45-66 54°34 1-690 1-720 1-735 3°41 Wyderko and Mazanek, 
1968. 
44 56 1°686 _— 1:733 — Bowen ef al., 1933a. 
41°82 58°18 1-685 1-720 1-732 3°40 Wyderko and Mazanek, 
1968. 
41 59 1°684 — 1-730 — Bowen et al., 1933a. 
Dispersion. The dispersion of the olivine series is high; that of pure synthetic 
Farctarita hac haan Aatarminan hu Aurocusseau ana Mery win (1092) tha indinac 
EVISCULILW IGS UUIl UVULLLIIVUu vy FAULYVUOOVaU Gil LYELL WIL Li Favs, CEAW LEIMINOD 
1:649 2, B 1°664 5, y 1682 9, for 431 nm and a@ 1°632 4, B 1:647 0, y 


Pleochroism. The colours of olivines in thin section vary with composition, 
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magnesium-rich varieties are either colourless or paie green, the more iron-rich 
varieties are lemon-yellow, and fayalite frequently is amber-coloured and 


pleochroic with y > f. 
The pale green, green, yellow W-green and brown-green colours of olivine have 
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been ascribed to the presence of Fe?* in the structural M1 site (Gru m-Grzhimailo 


et al., 1969). This conclusion is based on an investigation of the relationship of 
the cation at the M1 and M2 octahedral sites to the vibrational planes ay, af and 
By. When Fe?’ is present only in M1 sites the absorption scheme was found to be 
B>y>awhich corresponds with the observed absorption spectra. Similar rly when 


Fe? j is present in both M1 and M2 the absorption s scheme f > y > a is preserved, 

whereas with Fe?* situated only in 2 octahedra the resulting absorption scheme 
is y > B > a. The olivines examined were all magnesium-rich varieties (FeO 
4°77-9°02 wt. %) and show that even when only relatively small quantities of Fe 


are present some of it occupies the centrosymmetrical octahedral sites. A quan- 
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titative expression of the colour of olivine, obtained by measurement of the dif- 
fuse reflectance spectrum in the 400-800 nm range, has been derived by Cerveile 
etal. (1977). 

Synthetic forsterite with the addition of 0-1 wt. per cent Cr>* is bluish violet in 


colour (Finch and Clark, 1971) The syntheti 1c calc cium —iron olivines have a 
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characteristically dark colour in thin section, and vary from dark brown or green 
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for the iron-rich members of the series to dark grey or grey for those containing 


of 

more than 20 wt. per cent CaO. 

Cleavage. Inthe more magnesium-rich olivines the {010} an 
r 


d{ 00} cleavages are 
usually imperfectly developed, but in the more iron-ric ch 


1 
suall imperfectly eloped, but the varieties the{ 010} 
cleavage, the structural control of which is illustrated in Fig. 1, p. 5, and toa 


lesser extent the {100} cleavage are distinct. Perfect {010} and {100} cleavages have 
been observed in olivines from a dunite (Hawkes, 1946). Other examples of ex- 
cellent cleavages in olivine, Fogo, perfect /(010), good /{100}, distinct //{001} 


have been described from an ultramafic rock, Chukotka, USSR, by Velinskiv and 
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Pinus (1969), and in the ultrabasic rocks of the Maizuru and Hida structural 
belts, Japan, Kuroda and Shimoda (i967) have reported olivines with weil 
developed cleavages parallel to {010}, {100} and {001}. Kuijper (1979) has also 


described olivine, Fos2, with perfect cleavage /(100), and distinct to good 


cleavages ff (010) and # (001); alteration to chlorite occurs along the cleavage 
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planes. In these examples, however, the cleavage is a tectonic feature and can be 
ascribed to post-crystailization pressure. The intensity of the (020) X-ray reflec- 
tion in olivines with good cleavages has been shown by the latter authors to be 
stronger than in olivines showing the usual poor cleavage. Kuroda and Mazuchisa 


(1970) have recorded that dunitic olivines with anod cleavages develan an im- 
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perfect cleavage after recrystallization during amphibolite facies metamorphism, 
and have aiso noted a similar change in olivine with well developed cleavage after 
heating at a temperature greater than 1400 °C. 

The wavelength profiles of the emission spectra of magnesium and silicon in 


olivines chowinge imnerfect £010} cleavage, and thoce chowina more dictinct 
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cleavages on {100}, {010} and {001} have been shown by Kuroda and Iguchi 
(1971) to be related to the greater covalent and more ionic character of the non- 
cleavable and cleavable olivines respectively. 

Thermally induced fractures in olivines of stony meteorites by thermal cycling 
(up to 2 200 cycles) between 83 and 273 °K have heen reported b by L evi (1976), and 


vues 


are considered to be due to hardening processes and the propagation of 
microcracks. 


Twinning. Twinning on {011} and {012 


(N21). givino rice to trillin has been repo 
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b by Brothers (1959a). 
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is not uncommon, and twinning on 
rted by ’ Burri (1935), A nenetratio 
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twin, twin axis 1 (011), has been describe 


Zoning. Olivines with less iron-rich cores and more iron-rich margins are com- 
mon in some basic volcanic and hypabyssal rocks. Zoned olivines, with a com- 
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(1942), olivines zoned from Fa3,4 to Fag; in teschenite, by Wilkinson (1956), and a 
maximum continuous compositional range from Fa39 to Fag in olivine from a 
crinanite sill, by Johnston (1953). In many zoned olivines the more fayalitic rim is 
narrow and the bulk composition is not very much more iron-rich than the 
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olivine in which the composition of the core, estimated from the optical proper- 
ties, is Fa2, and the bulk composition determined by chemical analysis Fa2s. 

An investigation by Stormer (1973) of the calcium and iron contents of the 
cores and margins of olivines from a wide variety of volcanic rock types shows 
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activity in the liquid. Stormer has also suggested that the later zoning trends are 
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controlled mainly by the pressure - temperature crystallization regime of the melt. 
Thus Olivine phenocrysts of the highly alkaline, silica- poor, nephelinites, the 
high-pressure origin of which is generally accepted, show strong calcium enrich- 
ment in contrast to the little or no calcium enrichment in the olivines of the 


relatively siliceous lavas such as the Hawaiian tholeiites 
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Unusual zonal patterns, including reversal of the Mg/Fe ratio, and peripheral 
enrichment in nickel and caicium, occur in the olivines of melilitite pipes 
associated with kimberlite, Namaqualand, South Africa (Moore and Erlank, 
1979; see p. 236). 


Continuously zoned olivines, Fo;, FO78.5—67-9 and Fo7s.5 67-0, in three 
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Apollo 12 basalts have been reported by Gibb and Zussman (1971). In an Apollo 
12 microgabbro, however, two kinds of olivine coexist, one zoned F0¢5.9— 59.5 
and the other Fos9.s~ 509.0, possibly representing indigenous and introduced 


crystals respectively. Olivines showing reversed zoning from Apollo 15 rock 
15 55§ have been described by Rell and Mao (1972); one crystal with core com- 
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position Fogo is continuously zoned to Fog2. This zoning is possibly the result of 
initial quenching that was followed by a compositional readjustment aiong the 
solidus consequent on a rise in the temperature due to the release of the heat of 
crystallization. 

The investigation by Kooten and Busec 


displayed by the olivine i in the basalt of Crater 160, a maar in the San > Francisco 
volcanic field, Arizona, has shown that crystals with homogeneous cores and 
zoned rims, uniform zoning extending across the crystals, and step zoning, as well 
as irregular zoning resulting from alteration and oxidation, occur in association 


with homogeneous grains the compositions of which show that they crvstallized 


vith hom ogeneous grains, the compositions of which show that they crystallized 
concurrently with the margins of the zoned crystals. The cores of the zoned 
crystals range from Fog. to Fos9, and their rims from Fo73s-Fo4s, the composi- 
tional range of the unzoned crystals varies between Fo77 to Fos2, the most iron- 
rich olivines occurring in the smallest grains. The magnitude and type of the zon- 
ing, particularly in relation to the Crater 160 olivines, is considered by Kooten 
and Buseck with reference to such factors as changes in magmatic compositions, 
speed of crystallization and its consequent effect on Fe and Mg interdiffusion (see 
p. 208), total and water pressures and oxygen fugacity. The interaction of growth 


and diffusion during crystallization is expressed by these authors by a zoning in- 
dex defined as: 
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ZI = 100z/w 


where z is the range in composition (wt. per cent) and w the width (in microns) of 
the zoned rim. The histogram (Fig. 135) of the zoning index of the Crater 160 


olivines is bimodal and indicates the tendency of the zoning profiles to display 
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one of two distinct slopes. The majority of the crystals have a ZI < 10 and are 
considered to have crystailized at depth and during their ascent towards the sur- 
face, whereas a smaller number with a steeper zoning, ZI > 10, are believed to 
have formed during a period of rapid crystallization after the lava was extruded. 
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imately normal to an optic axis, i.e. sections showing low birefringence 
(Tomkeieff, 1939). Because of the rapid change in the partial birefringences y-f 
and f-a, strongly zoned crystals display a marked variation in polarization col- 
ours. In cases of normal zoning from magnesium-rich core to iron-rich margin 
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dicular to B and y increases, from the centre to the periphery. The birefringence 
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Number of crystals 





Zoning Index 


Fig. 135. Histogram of zoning index obtained from ‘Crater 160’ olivines. Zoning index ZI = 


100z/w where z = the range of composition (wt. %), w the width (in microns) of the zoned rim ( after 
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Kooten and Buseck, 1978). 


and polarization colours in the principal optical planes of forsterite and fayalite 


in sections 0°03 mm in thickness are: 


Forsterite Fayalite 
La 0°020 purple 0°009 pale yellow 
Lp 0°035 orange-red 0-051 yellow-red 
Ly 0°015 orange 0°041 greenish blue 


The compositional range of the zoning may be determined also by measure- 
ment of the variation in optic axial angle. 


Liebenbergite. The opticial properties of this yellowish green nickel-rich olivine 
are given in Table 16. Optical data for synthetic (Mg,Ni)-olivines, varying in 
composition from Mg,SiO, to MgNiSiO«g (@ 1°719, B 1°728, y 1°731, 2V_39 °) are 
given by Schwab (1968). 


Ferrifayalite (= laihunite from the locality Lai-he, north-eastern China) is black 
in colour and opaque with a submetallic to metallic lustre. In reflected light the 
mineral is pleochroic from grey to greyish black. Refractive indices, calculated 
from measured refractivities are n(546 am) 2°03, n(S589 nm) 2:01 parallel to the 
cleavage and n{S46 nm) 2°04, (589 n nm) 2°03 p pei rpendicular t to the { {100} cleavage. 
The measured and calculated densities are 3-967 and 4:099 g/cm? respectively. 
Mohs hardness is 5°5-6°5 and the mineral is moderately magnetic and elec- 


tromagnetic (Fleischer ef al., 1978). 
Density. Fisher and Medaris (1969) used calculated densities of synthetic 
olivines 
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(D, in g/ cm?, x the mole fraction forsterite, M the formula weight i in grams, Z the 
number of formula units per unit cell, V the unit cell volume in cm’, and N,g is 
Avogadro’s number) to derive the regression equation for density against com- 
position 


D, = 4-4048 - 1:1353x-0°0435x? 


The density curve for synthetic olivines, in comparison with that derived for 
natural olivines (Bloss, 1952), shows a similar relationship to the plots of di39 for 
natural and synthetic olivines, i.e. divergence for iron-rich compositions that is 


1 oe ‘ oe . 
due to the smaller cell dimensions of the synthetic iron-rich olivines. Densities of 
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synthetic forsterite and fayalite of 3: 227 and 4-407 + 0°017 g/cm? respectively, 
compared with 3-222 and 4-392 g/cm’, derived from the ceili volumes for natural 
olivines were reported by Yoder and Sahama (1957). Precise density 


measurements for pure synthetic forsterite also include those of Graham and 
Rarech (1QKQ) 2-991. at 25°C fetandard daviatinan af NN) a/em3 far ten a 


Barsch (1969), 3-221) at 25 °C (standard deviation of 0-002 g/cm’ for 
minations), and 3:222 g/cm’ at 23 °C by Jackson and Ahrens (1979). 

The relationship between density and chemical composition in the natural 
forsterite- fayalite series has been investigated by Bloss (1952) and the curve best 
fitting the data determined as: 


q(p) = -207°754 + 47-685 21P +5°255 29p? 


where g(p) is the mol. per cent Fe2SiO, as a function of the density P of members 
of the Mg.SiO,-Fe2SiO, series. From this equation the calculated density of 


forsterite is 3° ae 0:005, and of fayalite 4°36 + 0°01, and the theoretical rela- 
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tionship between N, mol. per Cent, ai nd density is give en by: 
—— 100 
ry 7 4:36 — p 


The relationship between density and composition in solid solution series 
generally has been discussed by Fujii (1960); for the forsterite- fayalite series the 
maximum deviation from a linear relationship was found to be 0°5 per cent. 

Densities of a number of synthetic forsterites have been determined by Takei 


and Kohavachi (1074) hoth nycnometrically and from unit cell narameters 
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(Table 24). The smaller X-ray derived density is ascribed to the non- 
stoichiometric excess of Mg?* in the crystals (see experimental section, p. 94). 
The specific gravity, 4°93, and X-ray-derived density 4:917 g/cm? of synthetic 
nickel olivine were given by Ozima (1976). 


Table 24. X-ray and pycnometric densities of synthetic forsterite (after Takei and Kobayashi, 1974) 


Lattice parameters (A) 1 2 3 4 

a 4°749 4°747 4°747 4:750 
b 10°205 10°199 10°200 10-202 
c 5984 5985 5°982 5°983 
Density (X-ray) 3-226 3:225 3-226 3°223 
Density 

(pycnometric) 3:24) — — 3:242 


sidered by a number of wor kers including Hess (1960), Jackson (1961), Mathews 


et al. (1964), Murata and Richter (1966), Wager and Brown (1968), and Arndt 
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(1977b, c). As a first approximation the settling velocities of olivine crystals 
(assumed spherical) in basic liquids under stress-free conditions is given by 

V = 2a’gAp/9nM 

where a is the radius of the sphere, g gravitational acceleration, A 
difference between olivine and li quid, yn the liquid viscosity a nd M 
erted by surrounding crystals 


e density 


tn 
the drag ex- 


M = Pa xs 


a Axe? + 5/2 x, - 9/4 xd/? + x2) 
A wir > Ss 7 
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where x, is the proportion of solid material in the crystal - liquid mixture. 
The above modified expression of Stokes’s law has been applied by Arndt to 


the calculation of settling velocities of olivine in liquids produced during the pro- 
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gressive melting of mantle-derived peridotites. The drag factor and the settling 
velocities of olivine crystals, 1 cm radius, in basaltic liquid plotted against the 
proportion of liquid to crystal are shown in Fig. 136. The degree of melting X, 
(%) is equal to (1 - x.) 100 and as the proportion of liquid approaches 100 per 


cent the drag factor is approximately unity and the settling velocity approaches 
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that given by ithe unmodified Stokes’s law, V = 2a’g(Ap)/9n. The effect on settling 
velocity due to non-spherical shape of the crystals, and the effect on the viscosity 
of the suspension of particles in the liquid have been discussed by Walker ef al. 
(1976). 


The cettling ratec of alivine mi: 
a 1£iwN setth 4116 rates i 
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0-75 mm) and @ 1 m/day (Fo7s, a = 0:75 mm) in basaltic (viscosity 2 x 10? poise, 
density 2:7) and andesitic (1 x 10° poise, density 2°6) magmas respectively have 
been calculated by Nakamura (1978). 


Grain-size variations in the cyclic layered units of the ultramafic zone of the 
Ctilluavatear cramnilavy Mantana have hean maacurad hy Dage pinl (1099) 
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Settling rate (cm/s) 











Fig. 136. Drag coefficient M from equation V =2a*g4p/9nM, and settling velocities of olivine 
crystals of 1 cm radius, plotted against the proportion of liquid in a crystal-liquid mixture, or the 
degree of melting. Curve V,, settling velocities in a basaltic liquid with constant density of 3 g/cm, 
and constant viscosity of 20 poises. Curve V, , settling velocities in liquids formed by partial melting of 
spinel lherzolite (after Arndt, 1977c). 
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Hardness. The hardness of a synthetic forsterite, readily cleavable parallel to 
(010), measured by Finch and Clark (1971), was found to be 7 (Mohs scale) on 
this plane and a slightly lower hardness, but > 6°5, on (100) and (001) faces. 

Inclusions of CO, are common in the olivines of nodules 
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in . alkali basalts, and have also been reported in olivines occurring in eclogite 
xenoliths in kimberlite, in kimberlite itself, and in olivine phenocrysts in basalt 
(Roedder, 1965). Although many of the CO, inclusions appear to be primary, 
some are of secondary origin, the CO, being trapped during the healing of frac- 


u T nressur pri ry inclusions is esti 
tures. he essure at the time of formation of the pr ma nclusions is est imated 
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to correspond with between 10 and 15 km of basalt liquid, but as decrepitation 
may in some cases have taken piace on eruption, greater depths cannot be 
precluded. An inverse relationship between the number and size of the CO>2 inclu- 


sions, ranging in weight from 2 x 10°° to 1 x 107''g, in olivines from dunite and 
neridotite nodiulec hac heen demonstrated hv Killingley and Minenow (1074) The 
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included CO, was distinguished from absorbed CO, by desorption of the latter at 
500- 600°C prior to the decrepitation at 750- 820°C. A iater study (Kiilingley and 
Muenow, 1975) showed that the rate of CO. release is proportional to the 


temperature gradient across individual crystals of olivine. 


Inclucianc in the olivine of the Tldachnava Limherlite nine Vakutia az’ko 


(Ta 

Inclusions in the olivine of the Udachnaya kimberlite pipe, Yakutia (Laz’k 
and Afanas’ev, 1974), include chromian spinel, pyrope-almandine, ortho- and 
clinopyroxenes, and the ore minerals, pyrrhotite, pentlandite and chalcopyrite. 
Spinel inclusions, attributed to the decomposition of primary olivine solid solu- 
tion, have also been reported in olivines from the dunites of the Kempirsai 
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Many very small (<0:Sum) bubbles occur frequently in most olivine present in 
ultramafic xenoliths in alkali basalts and kimberlite diatremes. The fluid inclu- 
sions, present on planes or curved surfaces across which there is no 
crystallographic misorientation, are considered to have originated by nucleation 
and gi rowtho on cr rystal defects duet to the fluid collecting o on gr ain boundari iés dur- 
ing recrystallization in a period of deformation in a falling temperature gradient 
prior to the incorporation of the xenoliths in the basalt or kimberlite magma. 
Stress concentrations around the fluid inclusions, consequent on the release of 
pressure during the ascent to the surface give rise to the ‘punching out’ of the 
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dislocations and fractur ing of the crystais and grain voundaries (Green and 
Radcliffe, 1975). 

Inclusions of alkaline glass containing 10°8 wt. per cent Na2O + K,0 are pre- 
sent in the olivine of a dunitic xenolith in the basalt lavas of the Piton de la Four- 
naise, Reunion Island. The origin of the inclusions, possibly asa liquid that was 
present as an immiscible phase in the basalt melt and enclosed during the 
crystallization of the olivine in the low-pressure magma reservoir, is discussed by 
Ludden (1978). 

Olivine phenocrysts containing small (1-20 um) spheroidal glass- vapour in- 
clusions that show a consistent volume ratio of vapour to glass, smaller '(< 10 um) 
rounded inclusions containing a spinel and a rounded glass b bubbie, and larger if- 
regular glass inclusions, have been observed in the glassy rims of tholeiitic pillow 
basalts from the east rift zone of Kilauea volcano, Hawaii (Muenow ef al/., 1979). 
Degassing with the release of CO2 and SO, (average CO2/SQO; ratio about 2) 


begins at _approximately 1060°C and reaches a maximum between 1150 and 
1200°C. The average content of CO, is @ 0°26wt. per cent, the minimum 
CO./H:,0 ratio > 30, and the estimated maximum content of inclusion HO is 


0:004 wt. per cent. 
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Olivine in the melilitite pipes associated with kimberlite, Namaqualand, South 
Africa (Moore and Eriank, 1979) contain inclusions of silicate, carbonate and 
fluid. The silicate inclusions are composite and consist mainly of natrolite and 


thomsonite but may also include clinopyroxene, titanomagnetite, phlogopite and 


nerovckite: the carhoanate inclucians are Ca. and Sr-erich (up ta ADAM n nm Cri 
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and Mg-poor. Both these types of inclusion are considered to represent trapped li- 
quids and are indicative of the presence of silicate and carbonate fluid phases at 
the time of crystallization, while the liquid inclusions demonstrate the existence 


of a free vapour phase during the crystallization of the olivine (see p. 236). 
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Atlantic Ridge porphyritic basalts. The inclusions show substantial composi- 
tional variation and deviation from the residual basalt glass that in some inclu- 
sions is due to the crystallization of the host phase from the trapped melt. In 
other inclusions their wide range of composition is ascribed to the entrapment of 
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clude primitive liquids that provide an indication of the parent magma from 
which the basalts evolved, as well as more fractionated liquids including some 
that are representative of the residual glasses of ocean floor basalts. Melt inclu- 


sions in olivine phenocrysts of a tholeiitic basalt from the South Atlantic have 
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The presence of secondary inclusions in olivine consequent on the introduction 
of residual magma, and located along fissures, some 15 um in thickness, has been 
reported by Dungan and Rhodes (1978). 

Thin flat platelets, small opaque bars parallel to the platelets, and minute 
black opaque grain inclusions in a peridot have been described by Zook (1972). 
The inclusions are similar to the melt inclusions in some Apollo 11 and 12 
olivines, identified as plagioclase, ilmenite and pyroxene respectively. 

Inclusions in olivines of the lunar mare and the prehistoric Makaopuhi lava 
lake basalts have been described by Roedder (1976), and their significance 
discussed in relation to the c composition of the melt at the time of cr ystallization, 
the amount of immiscible sulphide melt, equilibrium temperatures and melting 
sequence, and minimum pressures at the time of olivine growth. 

Data on melt inclusions in olivines of lunar mare basalts have been presented 
by Weiblen and Roedder (1976). The melt data show a marked divergence from 
simple olivine fractionation trends, due in part to the effects of ilmenite, 
plagioclase and pyroxene fractionation within the inclusions. Inclusions with very 
high contents of SiO, (87:2 and 93:8 wt. per cent) and low Al,0O; (6°84 and 
1-51 wt. per cent) in olivine of Luna-24 samples have been described by Roedder 


and Weiblen (1977). oS les have been described 


Inclusions in diamond. Mg-rich olivines occur commonly as inclusions in 
diamonds (Gnevushev and Nikolaeva, 1958; Sobolev et al/., 1970; Meyer and 
Tsai, 1976). The olivines show little variation in the concentration of the major 
and minor elements. In 11 olivine xenocrysts in kimberlites and olivines in 
ultramafic xenoliths described by Meyer and Boyd (1972) the content of forsterite 
varies between 92 and 95 mol. per cent. The olivines are characteristically richer 
in Cr (0:02-0:09 wt.%) than those of other terrestrial occurrences (i.e. 0°01 wt. 
% or less). Euhedral inclusions of olivine, showing pinacoidal, prismatic and 
pyramidal faces, in Brazilian diamonds are described by Mitchell and Giardini 
(1977). Six olivine inclusions show a content of the forsterite component of 93 = 1 
mol. per cent and are similar in composition to those described by Sobolev et al. 
(1972), Prinz et al. (1975), Meyer and Svisero (1975), and Tsai ef a/. (1979). 


194 Orthosilicates 


Habit. Olivines exhibit a number of different habits, equant, tabular acicular 
and dendritic. A survey of the earlier work pertaining to the textural occurrences 
of olivine is given by Drever and Johnston (1957). The different habits can in 
general be related to the inferred rate of cooling of the liquid during crystalliza- 
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usually developed, whereas at higher cooling rates and with supercooling the 
crystal habit is elongated or flattened, and under more extreme conditions den- 
dritic or spherulitic in form. 

Many olivines are elongated along the c axis and flattened parallel to (010); 
common forms include {010}, {1 10}, {101}, {111}, {021}, and {120}. A qualitative 
explanation, in terms of the structural arrangements of the SiO, tetrahedra and 
M-site cations has been presented by Fleet (1975). A structural derivation of 
olivine morphology has also been put forward by t’Hart (1978), and is based on 
the Periodic Bond Chain theory of Hartman and Perdok (1955) in which the SiO. 


d t tally te linked bv the ‘ k 
tetrahedra are considered as complete crystallizing units linked by the ‘weaker’ 


Mg-O bonding (see also Fleet, 1979, and t’ Hart and Hartman, 1979). 

The formation of elongated and dendritic olivines is well displayed in many 
ultramafic lavas, komatiites, in which the mineral occurs in highly elongate or 
skeletal crystals showing radiating, branching and parallel growths. This so- 


hahit of th tattin | h h a shad hk 1 
called spinifex habit of the komatiitic lavas has been described oY Many workers 


including Naldrett and Mason (1968), Viljoen and Viljoen (1969), Nesbitt (1971), 
Dickey (1972), Pyke ef a/. (1973), Fleet and MacRae (1975), Arndt (1977b), Arndt 
et al. (1977) and Nisbet et a/. (1977). 

In the spinifex lavas of Munro Township, Ontario (Pyke ef al/., 1973) the 
spinifex texture occurs in zones adjacent to the chilled and fractured tops of the 
flows; they are underlain by a thin zone of fine-grained foliated spinifex at the 
top of the lower part of the flow units. The spinifex zones consist of large bladed 
crystals of olivine, slightly zoned from Fog; at the centre to Fogo at the margin. 
The crystals, up to 3 cm in length are stacked end to end or with an en echelon ar- 
rangement of several large bladed crystals. The blades 0°02-2 mm in thickness, 
are coarser in the lower part of the zone, and form booklets 0°3-15 cm in 
thickness. In the upper part of the zone the blade size becomes smaller and as they 
diminish so too does the number making up a booklet. The latter tend to be 
oriented with their long axis perpendicular to the underlying part of the flow in 
the coarser part of the zone, but are generally in random orientation in the finer 
upper part (see Fig. 171, p. 248). Apophyres of spinifex may occur locally in the 
underlying zone but offshoots that pass upwards into the adjacent flow unit have 
not been observed. The olivines of the fine-grained foliated spinifex in the upper 


part of the lower zone, in addition to showing a subparallel alignment, exhibit a 
very pronounced skeletal habit. 

The spinifex habit of the olivine in these ultramafic lavas is generally ascribed 
to the rapid cooling rate of the liquid. The slight zoning displayed by the bladed 
spinifex olivine, however, does not indicate instantaneous quench conditions, but 
crystallization in a rapidly cooled environment in which the blades grew 
downwards into the liquid, approximately perpendicular to isothermal surfaces in 
the magma below the quenched surface of the flow. Donaldson (1976) has sug- 


gested that crystallization of dendritic and skeletal forms may be more closely 
related to a rapid growth rate due to the high olivine content of the melt, rather 
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than directly to the . cooling rate. 
Although much less common in basic lavas, skeletal growth forms, and lobate 
or amoeboid crystals, containing inclusions of basaltic glass, have been observed 
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in the megaphenocrysts (>1 cm in length), and radiating sieve-like textures in the 
smaiier olivine phenocrysts of the alkali basalts and hawaiites of the Pinaceta 
volcanic field, Sonora, Mexico (Gutmann, 1977). 


Similar quench textures in olivines of submarine lavas have been reported by 
Mair and Tilley (1066) and hv Rrvan (1907979) The latter hac noted a relatinnchin 


Muir and Tilley (1966) and by Bryan (1972). The latter has noted a relationship 
between the growth forms and the major textural units of the pillows of these 
lavas, such that the olivine surface to volume ratios are dependent on the rates of 
growth and diffusion appropriate to the crystallization conditions in the 
various pillow zones. Thus olivines in the outer quenched zone show the max- 
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leading to a high melt viscosity with a consequent reduction in diffusion rates, in 
contrast to the much lower surface to volume ratio of the olivine of the 
holocrystalline centres of the pillows. The presence of comparable textures has 
also been described in the olivines of the basalts of the ophiolite sequence of the 
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Deeply and irregularly embayed amoeboid and elongated olivines also occur in 
many hypabyssal ultrabasic/basic rocks, and have been described and illustrated 
(Fig.137) from the picritic sills of Ubekendt Ejland, west Greenland, the island of 
Soay, Inner Hebrides, Scotland (Drever and Johnston, 1957, 1958) and the Gars- 
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nar Olivines, maximum elongation in the y crystallographic direction, at the con- 
tact of a thin dolerite vein with a dolerite plug, Slemish, Antrim, NE Ireland, 
have been reported by Preston (1963). 

Although vertically oriented or inward growing olivines are generally regarded 
as resulting from upward or inward growth from a surface already consisting 
largely of crystalline material, in some cases there is evidence that growth has also 
occurred downwards towards the crystallizing surface (see Drever and Johnston, 
1972). 

Elongated, skeletal and dendritic olivines are not confined to the more quickly 
chilled lavas and hypabyssal rocks, and are present in some plutonic, par rticularl ly 
layered, intrusions (Fig.138), e.g. the crescumulate layers in the Rognsund gab- 
bro, Norway (Robins, 1972). In the harrisitic layers of the Rhum intrusion 
(Brown, 1956; Wadsworth, 1961; Wager ef a/., 1960) the olivine habit changes 
progressively upwards from a cumulus equant form at the base of the layers to a 
zone in which the crystals are larger and more indented that is followed by one in 
which the olivines show a hollow skeletal (hopper) habit, and finally by a zone 
characterized by large parallel and branching olivines elongated along the x 
crystallographic axis, which in some layers exhibit a preferential vertical elonga- 


tion terminating in euhedral {110} prisms. 
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of the olivines in the ultramafic volcanic spinifex lavas and in 
risitic layers of the Rhum pluton. The correlation of the different habits with 
changing conditions of supersaturation in the liquids, and the e possible origin are 
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oriented, porphyritic or br anching (Fig. 139). Crystals OY tne platy habit occur in 
bundles of parallel plates cross-cut by other sets of plates, the lengths of which 
vary from 0:3 to 0:9 m in spinifex-textured lavas and are often up to 0°6 m long 
in the harrisite. In the randomly oriented habit the disposition of the elongated 


olivines is such as to produce interstitial areas between the crystals of triangular 


or polygonal shape. In the spinifex lavas the crystals vary from 0: 1 to 3 cm in 
length. Olivines with porphyritic habit in general display euhedral boundaries but 
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Fig. 137. (a) Olivine crystals illustrating variation from deep or irregular embayment to completely 
amoeboid shape (1) picrite basalt (x 10), Ubekendt Ejland, west Greenland; (2-9) picritic sills (x 
15), Ubekendt Ejland; (10) lower margin, Palisade sill (x 25). (b) Olivine crystal (x 35), picritic sill, 
Soay, Scotland. (c) Elongated olivine crystals (x 17), Picritic sills, Ubekendt Ejland (after Drever and 
Johnston, 1957). 


have embayed or amoeboid rather than hollow cores. The crystals are usually 
small, ranging from 1-3 mm in length. The branching habit consists of two or 
more parallel dendritic crystals linked by right-angled buds or branching forms. 
It is a distinctive feature of the olivines of plutonic ultrabasic and basic rocks and 
has not been described from the Archaean volcanic spinifex lavas. 

The main changes, from cumulate to comb-layering textures displayed by the 
olivines in the Rhum harrisite layers have been reproduced experimentally by 
crystallizing water-saturated harrisitic melts at cooling rates of 14, 28 and 
30 °C/hour (Donaldson, 1977a). The three main types of crystal habits, granular, 
hopper and branching, were found to crystallize within relatively well defined 
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Direction of growth 





Fig. 138. Schematic representation of the forms of the dendritic olivines in the crescumulates of the 
Rognsund gabbro (A). Parallel growth forms in crescumulate olivines from the Rognsund gabbro (B) 
(after Robins, 1972). 
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Fig. 139. Schematic representation of skeletal and dendritic olivines in spinifex rocks and the har- 
risitic layers of the Rhum pluton (a) plate, (b) randomly oriented, (c) porphyritic, (d) branching. Not 
to scale. See text for possible scales (after Donaldson, 1974). 


degrees of supercooling of the melt, namely, up to 20, < 10-35 and 30-50 °C/hr 
respectively. 

Blade-like olivines arranged in a crisscross (jackstraw texture), as well as radial 
and parallel patterns, occur in a number of small masses of talc- olivine rock 
(with magnetite, magnesite, serpentine, tremolite and chlorite) in the alpine-type 
peridotite of the Preston Peak ophiolite, Klamath Mountains, California (Snoke 
and Calk, 1978). The olivine Fogs.4, has a low content of nickel (0°07 - 0°10 wt. 
per cent NiO), is unzoned, and displays neither skeletal nor dendritic textures. 
The olivine is flattened parallel to (100), and shows a grain size variation of from 
0:5 to 12 cm in length and an average apparent length- width ratio of 20: 1. Occa- 
sional inclusions of pentlandite are present in the unaltered olivine and are believ- 
ed to have formed synchronously with the development of the jackstraw tex- 
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ture. The field and petrographic evidence shows that the olivine-talc rocks were 
formed by the replacement of the peridotite in the presence of a low-temperature 
mobile fluid. The fabric of the jackstraw-textured assemblage indicates that the 
olivine, talc and magnesite formed a stable association that, on the basis of the 
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the system MgO- SiO2-H.,O (Johannes, 1969; see p. 102), suggests that the fluid 
temperature at the time of crystallization was between 500 and 600°C. The origin 
of the fluid, whether generated internally or derived from an external source, has 
not been resolved. 


BaaAnr an na Va a7 &\ ha ve described olin vines closely resembling those found 
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in terrestrial komatiites, in a lithic fragment in the Eva chondritic meteorite. The 
olivines occur as euhedral to subhedral skeletal phenocrysts, @ Fo 2, and as 
smaller bladed crystals, * Fos3, showing typical spinifex texture. Both olivine 
generations are interpreted as the products of crystallization from a supercooled 
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Optically parallel plates of olivine, separated by glassy, microcrystalline or 
crystalline groundmass have also been described from a number of chondritic 
meteorites (Dodd and Calef, 1971), and are similar to those found at the margins 
of some basic to ultrabasic hypabyssal sheets (Drever and Johnston, 1957), as 
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Dendritic and skeletal olivines are more common in lunar than terrestrial ig- 
neous rocks and have been described by various authors including Brett ef a/., 
(1971), Gay ef al. (1971) and Drever ef al. (1972). Because however, the 
geological, particularly the field, relations of the lunar material are generally not 
known it is not profitable to apply terrestrial analogues too precisely as indicators 
of the conditions of cooling of lunar basalts. A more productive approach is 
through simulative experimentation, the relevant data and application of which 
are discussed by Donaldson (1977a). 

Spinifex habit in fayalite in slags has been described by Lewis (1971; see also 
Yea and Jin, 1974), and a description of two different crystal morphologies 
developed in synthetic cobalt olivine is given by t’Hart and Wessicken (1977). 
Spinifex textures in clinochlore pseudomorphs after olivine have been described 
by Fleet and MacRae (1975). 

An investigation of the crystal morphology of olivine, based on the observa- 
tion of the habits developed during the experimental crystallization of natural 
rock compositions, including peridotites, tholeiites and lunar basalts, has been 
presented by Donaldson (1976). The morphologies vary in the sequence 
polyhedral or granular ~ hopper ~ branching ~ randomly oriented chains > 
parallel growth — chain + lattice > plate or feather crystals, changing 
systematically with increasing cooling rates and degree o of supercooling, AT. This 
varying habit involves three changes in the relative dimensions along the 
crystallographic axes. In the subsequent crystals, x * y © z; with increasing cool- 
ing rates and AT the crystals become elongate and acicular or bladed in habit with 
Z>>x> y or z >x > y, and then develop : a tabular habit with xo 2 >> y. Ac- 
there i is a transition . from complete crystals through those showing an n irregular 
breakdown of the faces (hopper crystals) to those displaying regimented growth 
along fixed crystallographic directions (feather crystals). This systematic change 
in olivine habit provides a useful indication of the cooling rate through the olivine 
crystallization interval, and the degree of supercooling at which the olivine 
nucleated and continued to grow in natural rocks. The effects of other factors, in- 
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cluding the abundance of olivine nuclei, the olivine and water contents of the 
meit, meit viscosity, superheating and oxygen fugacity are aiso discussed by 
Donaldson (see also Donaldson, 1979). 

Systematic variations in crystal morphology with cooling rate, similar to those 


described by Donaldson et al. (1977), have been observed on crystallizing two 


glasses (23:7 and 17°6 wt. per cent FeO) of olivine normative basalt composition 
similar to those of some Apoiio 12 and 15 mare basaits (Bianco and Taylor, 
1977). Details of the nucleation densities, mean width and morphological type of 


olivine crystals as a function of cooling rate and bulk composition are given by 
TNNanaldenn 

The delay in olivine nucleation following very rapid cooling of a basalt melt 
from various degrees of initial superheat, +A7, to various degrees of supercool- 
ing, -A7, and the relation between initial melting temperature and —AT at which 
olivine nucleates in melts cooled at different rates, have been investigated ex- 
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and controlled cooling rate experiments, for an alkali olivine basalt melted initial- 
ly at +A 7 = 38°C are shown in Fig. 140 a,b respectively. For isothermal super- 
cooling the boundary beyond which crystals appear has an exponential form with 
a very short incubation period at large —AT, and a long period at small -AT. The 
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the smaller the —A7 attained on nucleation, and that decreasing +A 7 at the same 
rate of cooling reduces —AT, e.g. at +AT = 38°C and a cooling rate of 
20°C/hour the melt supercools 72°C before nucleation occurs, while at tA 7 = 
18°C and the same cooling rate -AT = 58°C. 


Spinifex textures produced as a product of the experimental cr vata zation of 
melts of komatiitic composition have been reported by Green et al. (1975). Other 


experimental studies include the formation of spherules Sof forsterite, crystallized 
from magnesium silicate droplets with compositions between 43°9 and 59:7 wt. 
per cent SiO 2 (i.e. both forsterite and enstatite normative) and supercooled to as 

ah ENIPM Apnonsrihadn DlanAn The. cxarhawsslan nen ciemilar ian 
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texture to those found in meteoritic chondrules, and display a systematic change 
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Fig. 140. (a) Degree of supercooling, A7(°C) versus time relations for nucleation of olivine in 
isothermal supercooling experiments. Curves indicate times of appearance of first olivine crystal. 
Number adjacent to curves are superheats + A7(°C) of initial melt (after Donaldson, 1978b). (b) 
Degree of supercooling versus cooling rate of nucleation of olivine in cooling rate experiments (after 
Donaldson, 1978b). 
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in morphology, from a bar + dendrite to dendrite + fibre and fibre + sub- 
microscopic associations, as the degree of supercooling increases for a given buik 
composition. Crystal size, particularly the width of the dendrites, was also found 
to be indicative of nucleation temperature. The relationship between these 


temneratures and crvstal mornholooev. crvstal width and texture has heen used by 
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Blander et a/. to establish approximate limits of supercooling of individual chon- 
drules. 


Absorption spectra. The optical spectra of the (Mg,Fe)-olivines at room 
temperature and pressures up to 300 kbar have been studied by Mao and Bell 
(1972a, b, c). In fayalite the absorption is considerably increased at high pressures 
and, as shown in Fig. 141, at smaller wavelengths the apparent absorption in- 
creases more rapidly in intensity as the pressure increases. At pressure greater 
than 200 kbar fayalite becomes opaque consequent on the intensification of the 
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effect is reversed as the pressure is released (Mao, 1976). As the forsterite compo- 
nent increases the intensity of the absorption decreases. For the composition 
Fog2Fa;s the absorption is very weak at 30 kbar, and is not apparent in olivines 


containing > 90 mol. per cent Mg2SiO, even at pressures of © 300 kbar (Mao, 
1072) 


1973). 

The optical spectra of nominally pure and Mn-doped Czochralski-grown 
single-crystals of Mg2SiO, (containing SO p.p.m. Fe) have been measured from 1 
to 7°5 eV (Weeks ef al., 1974). The changes in optical absorption bands of the 
crystals by irradiation with '*’Cs gamma rays and subsequent thermal treatment 
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Fe>* and are considered to result from optical transitions associated with this ion. 
The optical absorption spectrum of a gem-quality peridot (Mg,.75sFeo.2sSiO.4) has 
been measured by Farrell and Newnham (1965). 

The infrared absorption spectra of members of the (Mg,Fe)-olivines, using un- 
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Duke and Stephens (1964), White and Keester (1966), Burns and Huggins (1972), 
Paques-Ledent and Tarte (1973) and Huggins (1973), and with polarized radia- 
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Fig. 141. Absorbance of polycrystalline fayalite in the pressure range 45 to 270 kbar at room 
temperature (after Mao and Bell, 1972b). 
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tion by Farrell and Newnham (1965), Grum-Grzhimailo et al. (1969), Hunt and 


Salisbury (1970), Hunt e¢ a/. (1973) Runciman ef a/. (1973), Burns (1974) and 
Vaughan and Burns (1977). The peak maxima in the spectral profiles shift linear- 
ly to lower energies as the content of Fe2SiO, increases. The linear function of the 
shift for each band is not the same, and determinative curves relating composi- 
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tion and the frequency of two absorption bands have been constructed by Duke 


and Stephens (1964). 
The shifts of the peak maxima of two bands, in the 560-610 and 820-840 


cm”! ranges, to lower frequencies with increasing contents of iron and manganese 
n the forsterite- fayalite, forsterite- tephroite, and fayalite- tephroite series have 


in thaw AWE 


been used to construct a determinative grid (Fig. 142) f or the (Mg,Fe, Mn) olivines 
(Burns and Huggins, 1972). The accuracy of compositional estimates based on 
the grid are stated to be of the order of 3 per cent. In contrast to the linearity of 
the wave number- composition relationship for the (Mg,Fe)-olivines those of the 
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manganirerous series generally snow some non-linearity. This difference is con 


sidered by Burns and Huggins to be due to the preference of Mn** ions for the M2 
positions. 
Polarized absorption and diffuse reflection spectra of olivines, Fo1oo, Foss 


and Fogo, have been determined in the temperature range 20- 450°C by Sung et 
ai. 410977) The nrincinal hand 1 N4_1 AQ um in the Y- nolarized cnectra chifts to 
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shorter wavelengths as the temperature increases; the movement is related to the 
expansion and changes in the oxygen polyhedra surrounding the Fe’* ions in the 
distorted M1 site. 

The Raman spectrum of olivine has been measured by Griffith (1969), and the 
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Raman and polarized infrared reflection spectra for a synthetic forsterite by lishi 


(1978). Theoretical lattice dynamical calculations using the rigid ion model gave 
good agreement with the experimental values of optical frequencies and elastic 
constants. 

Hafner (1978) carried out a neutron magnetic resonance stud 
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synthetic forsterite and Rager (1978) reported an electron spin resonance study of 
$3Cr** and Fe°* in doped synthetic Mg2SiO.. 
Mg;SiO, 
S188 
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Fig. 142. Reiationship of peak maxima of bands 5 and 4 of the infrared spectra and composition of 


the Mg- Fe- Mn olivines (after Burns and Huggins, 1972). 
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A study of the polarized absorption spectra of lunar olivines in the composi- 
tional range Foss to Foso, and with the composition * Fo;37 and containing Cr20; 
in varying amounts from 0:07 to 0°61 wt. per cent, has been undertaken by Hazen 
et al. (1977a). No significant changes in the spectra of the lunar olivines were 


observed compared with thoce of terrestrial olivines containing cimilar contents 
Wows Tw ee wwssspuiwe VARA TARDY W'S ewe WUEZ ALAA WALT AEA Ww WVRAUCAEAL ALES WJSAARALAUAL WwWAALWALEW 


of iron but with different concentrations of chromium. The variation of the 625 
nm band with the content of iron is illustrated in Fig. 143, and shows changes in 
both position and intensity. Similar systematic changes of the 900-1500 nm 
bands have been noted in both lunar and terrestrial olivines by Burns (1970) and 


Hazen et al. (1977b), and gre in olivines containing less than | ner cent Cr. Mn or 
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Ni, due to either electronic transitions or charge-transfer effects of iron. Some 
bands in terrestrial and lunar olivines have been considered to result from Fe>* 
but in view of their similarity in position and intensity it seems unlikely that these 
assignments are valid. 
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Fig. 143. Alpha spectrum peak for four lunar olivines at 625 um versus A absorption coefficient. 
The A absorption coefficient is obtained by subtracting the 590-660 nm background from the peak. 
Thus intensities at 590 and 660 nm are set to zero (after Hazen et al., 1977b). 
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cent Fe,SiO,4, as expressed by the equation: 
o =0, exp (—E,/kT) 
where o = specific cond ductivity, o, = electrical conductivity at infinite 


temperature, £, = activation energy, k = Boltzmann factor and 7 = absolute 
temperature and where o, and E, are functions of composition and pressure, show 


that for all comnositiogns the monductivity increases with heatino at constant 
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pressure (Bradley et a/., 1964). The latter workers found that, with the exception 
of forsterite, the activation energy decreases linearly with pressure and a, also 
displays some pressure dependence (Table 25). The electrical conductivities of 
polycrystalline fayalite and Fe2SiO, (spinel) in the pressure range | bar to 
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Table 25. Constants of electrical conductivity, o = 0, exp (-—E/kT) for fayalite, (Mg, Fe)-olivines and 
£¢ ¢ 
au t 








forsterite (after Bradley ef al., 1964) 

Composition Pressure (kbar) o, (ohm cm)"" E,eV 
Fayalite (0°034% Fe?*) 11:8 190 0°719 
Fayalite (0-034% Fe>*) 23°6 35 0'640 
Fayalite (0:034% Fe'*) 47-2 3°7 0°530 
Fayalite (1:23% Fe°*) 11°8 2000 0°720 
Fayalite (1'23% Fe>*) 236 166 0-644 
Fayalite (1:23% Fe**) 47:2 56 0:538 
Fayalite (3°23% Fe3*) 11°8 2630 0°720 
Fayalite (3°23% Fe?*) 23°6 275 0°652 
Fayalite (3°23% Fe°*) 47-2 66 0°540 
Fos Faso 11°8 173°8 0°737 
FosgFasg 23°6 128-0 0°678 
Fogo F aig 11°8 2°0 0°921 
Fogo F ajo 236 0°55 0°860 
FOooF aio 47:2 0-05 0°743 
FOg9Fa; 11°8 11:2 1-060 
FOg9Fa, 23°6 43 1:049 
Fog9Fa; 35°4 2:3 1°025 
Forsterite 11:8 0°75° 1:10 
Forsterite 23°4 715° 1°89 
Forsterite 35°4 11°72° 2°96 


“log 0, (ohm7! cm7!). 


300 kbar have been determined by Mao and Bell (1972a). Mao (1973) (see also 
Hamilton, 1965) showed that a rapid increase in electrical conductivity occurs 


with pressure for all members of the olivine series except forsterite, and that the 


pressure dependency increases with increasing Fe content. Thus with a pressure 
increase from 1 to 300 kbar the conductivity of pure fayalite increases by 10° and 
that for olivine Fos7.5 by 10° (Fig. 144). The validity of the data for the 


metastable phases of pure fayalite (metastable above 20kbar at 250°C) and 
Be .GiO, eninel (metactahle helaw 90 and ahove 290 khar at 9240 °C) under the con- 
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ditions of the measurements is shown by X-ray diffraction data, the lack of sud- 
den changes in compressibility and the instantaneous reversibility of the 


measurements. 
The electrical conductivity of fayalite and Fe,SiO, (spinel) has been measured 


° 
in the temperature and pressure ranges 3 200- 1200 K and 2 31-6) kbar respectively 


(Akimoto and Fujisawa, 1965). The conductivity shows a discontinuous change 
at the transition to the spinel polymorph that amounts, at 900°K, to two orders 
of magnitude. Duba (1972), Mizutani and Kanamori (1967) and other in- 


vestigators, all found that electrical conductivity increases with iron content. 


Maruyama and Kobayashi (1974) found for single-crystals of olivines with no 


detectable Fe** that at constant temperature and with controlled oxygen pressure 
(Fig. 145) the conductivity increases by about 1-7 orders of magnitude for each 10 
mol. per cent increment of Fe2SiO,. Schulien et a/. (1978), found for hot-pressed 
synthetic polycrystalline olivines conductivities of 107'!, 7 x 10°? and 1078 


inh Wl fA aAGn -5 
{ohm m) for F ©1005 Fogo and Foso respectively at zero pressure, and § x 107°, 


7x 10°‘ and 4x 1074 (ohm m)"' respectively at 320 kbar. 

The mechanism of conductivity is not fully understood. Bradley et al. con- 
sidered that in fayalite it probably arises from electron transfer according to 
Fe** + e = Fe’*. For the olivine series as a whole, Hughes (1955) suggested that 
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ig. 144, Electrical conductivity of the olivine series as a function of pressure at 25 
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Log o for non-ferric olivine single-crystal at constant temperature as a function of mol. per 
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three types, impurity, intrinsic and ionic conduction may be operative in different 
ranges of temperature (see also Will e¢ a/., 1979). 

Measurements of the electrical conductivity along the [100], [010] and [001] 
crystallographic directions for single crystals (7°4, 8:4 and 12°6 mol. % Fe2SiO4) 
have been made by Kobayashi and Maruyama (1971). The anisotropy of the con- 
ductivity is small and shows no systematic relationship to the lattice orientation. 
In each sample, however, a plot of log o versus 1/7 displays a change of slope at 
about 800 °K, and the electrical conductivity may be expressed more precisely by 
the equation: 


0 = 00, exp (— E,/kT) + 00, exp (— E2/kT) 


indicative of at least two mechanisms each with different activation energies, and 
Kobayashi and Maruyama suggested that impurity (Fe) conduction probably 
predominates above 800 °K, and intrinsic conduction below this temperature. 


du rea Ba3+ hv the raartinne: 


Olivine may undergo reduction to proauce re” oy tne reactions: 
FeSi,,O, = Fe+ “%Si0,+ 4O> (1) 

my, V2 Few 729102 7 7202 {ip 
FeSi,,02 + MgSi,,O2 = Fe + MgSiO; + “40,2 (2) 


and the effect of the oxidation state of iron as a function of temperature and 
oxygen fugacity, on the electrical conductivity has been studied (Duba et al., 


1973; Duba and Nicholls, 1973) on a single olivine crystal (Fo92; O-l6wt. % 


reo). After heating to 1338°C at f,, = 10-'? atm the conductivity at 950°C (o = 
* (ohm m)~') was about 3 orders of magnitude less than that measured in air 
Uf, = 10°°*’ atm), and after further heating to 1500°C at f, = 10°'* atm the con- 
ductivity had decreased to 107° (ohm m)"! at 950°C. Consequent on the heat 
treatment the olivine becomes opaque, and the surface shows the presence of ubi- 
quitous small (1:2 um) blebs of high reflectivity. 
The effect of grain boundaries in polycrystalline olivine of the same composi- 
tion, Fos2, on the electrical conductivity has been found (Schoek ef a/., 1977) to 
be small at pressures and temperatures up to 5 GPa and 1200°C respectively, i.e. 


walhiac nf Ware lace than thrace nf single reveotale menoured ata lnwer mreccure 
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Bradley et al. (1973) have studied the electrical conductivities of polycrystalline 
synthetic manganese, cobalt, nickel, (Mg,Fe,Mn), and (Mg,Fe,Ni) orthosilicates 
at temperatures up to 770°C and pressures to 62kbar. The conductivity of 
Co.2SiO, decreases with increasing pressure at constant temperature v while that of 
Ni2SiO, i increases with pressure, but both or rthosilicates (and Mn.2SiO,) cover the 
same range of conductivities, at 394°C (10°/T = 1°5), i.e. log 01.5 = —6°5 + 1°0. 
The conductivities of the three compounds, however, are smaller by a factor of 
about 10* compared with those of Fe2:SiO, at the same temperature. The 
mechanism of the conduction appears to depend primarily on the presence ofa 
trivalent cation, and the lower conductivities of the manganese and nickel or- 
thosilicates may be explained in terms of the much less ready oxidation of Mn2* 
and Ni?* to Mn** and Ni>* (by an electron transfer process) (for a full discussion, 
see Bradley ef al., 1973). 

The electrical conductivities of forsterite, fayalite, (Mg, Fe)2SiO« and Ni,SiO, 

have been reported at pressures to 40 kbar at 1200 °C by Will ef a/. (1979). 

The considerable discrepancies shown by the measurement of the electrical 
conductivities obtained by different investigators is probably due to the variable 
histories of the natural specimens and the thermodynamic conditions under 


which the measurements of both natural and synthetic olivines were carried out 
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(Will et a/., 1979; Cemic¢ et a/., 1978). These authors have measured the electrical 
conductivity of synthetic Fe2SiO, and Ni2SiO, as a function of temperature and 
pressure under controlled chemical activities of the binary oxides. The results of 


their measurements on nickel olivine in equilibrium with SiO, and the Ni/NiO 
buffer in the temperature range SQO to 19000 °C at 10 kbar are nlotted. log a versus 
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1/7T(K"'), in Fig. 146a, and show that the activation energy, E, is 0°56 eV below 


and 2°7 eV above, 800°C. The electrical conductivities of fayalite equilibrated 
with SiO, and magnetite, and with SiO, and metallic iron, representing the two 
different univariant phase equilibria at the boundaries of fayalite with regard to 
its oxidation and reduction, have been measured by Will e¢ a/. (1979). In the 
temperature range 340 to 1100°C the specific conductivity of fayalite differs by 
an order of magnitude and leads to activation energies of 0°38 eV and 0°52 eV for 
the QFM and quartz- fayalite- iron buffers respectively (Fig. 146b). 
Interdiffusivity. The interdiffusion coefficient for the forsterite- fayalite series 
has been calculated from the experimentally determined iron and magnesium pro- 
files across a forsterite- fayalite couple. The Mg and Fe profiles on heating at 
1000 °C for 311 hours are shown in Fig. 147, and display a 300 um zone of olivine 
solid solution resulting from the interdiffusion of iron and magnesium ions in the 
structure. The interdiffusion coefficient, D, was calculated by Misener (1972) us- 
ing the Boltzmann- Matano solution that assumes no change in volume over the 
concentration profile, and involves the determination of a conservation of mass 
interface represented by the equation ,.= 0. The interdiffusion coefficient may 
then be determined from D= 0 x fer xdc in which 1 is time and the other values 
are represented i in F ig. 147, The “calculations are made with reference to a zero 
point taken as the Boltzmann - Matano interface (see Fig. 147). 

The interdiffusion coefficient is sensitive to composition and decreases ex- 
ponentially with increase in the magnesium concentration in the range 10-24 wt. 
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Fig. 146. (a) Electrical conductivity of nickel olivine, Ni,SiO,, at 10 kbar. Log o versus 1/7(°K) with 
Ni- NiO buffer. Values of So, calculated (after Huebner and Sato, 1970). (b) Electrical conductivity 


of fayalite at 10 kbar. Log o v. I/T(CK). QFM, equilibrated with silica and magnetite; QFI, 
equilibrated with silica and iron (after Will e¢ al., 1979). 
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Fig. 147. (a) Magnesium concentration profile for a diffusion experiment at 1000°C and 311 hours. 


t, diagrammatic representation of the Boltzmann - Matano solution for interdiffusion in a con- 
volume system. (b) Iron concentration profile for a diffusion experiment at 1000°C and 311 
( 
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hours (after Misener, 1972). 


per cent. In fayalite, due to the higher cation mobilities in the iron, relative to the 
magnesium, end-member, D is about two orders of magnitude greater than in 
forsterite. As volume diffusion depends on the movements of ions from one lat- 


rane Af diffe: 
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is to be expected. This has been demonstrated by Misener (1974), thus D [001] > 
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D [010] at temperatures between 900 and 1100°C, and D [001] > D [100] > D 


[010] between 1200 and i400 °C. 
Iron- magnesium lattice diffusion, and activation energies for the interdiffu- 


sion in olivine, as functions of Fe/(Fe + Mg), temperature, oxygen fugacity and 
crystallographic direction, have been determined by Buening and Buseck (1973). 
They showed that the interdiffusion coefficient varies with (Po, yw" at constant 
temperature and composition. They confirmed that D decreases with increasing 
contents of magnesium and that the diffusion shows considerable anisotropy and 
takes place most strongly parallel to the z-crystallographic axis. Buening and 
Buseck concluded that the diffusion preferentially involves the exchange of Fe?* 
and Mg?”* cations along chains of M1 sites. The interrelationship of temperature, 
Xfe,Si0, Po, and crystailographic direction is expressed by these authors in a 
number of equations, e.g. for diffusion at a temperature @ > 1125 °C along the z 
direction and py, = 107'* atm, these factors are related by the expression: 


B, = exp (— 0°045(X,, .s,) — 3°47]. exp —{[2°648 eV ~ 0:0096(X;..s:0,)I/KT} 
For 10 wt. per cent Fe.SiO.. , D, = 1:74 x 107? cm?/sfexp — (2°52 eV/kT)] 


The interdiffusion data of Buening and Buseck have been used by Taylor ef al. 
a 977) to determine the minimum cooling rate necessary to preserve composi 

ona al ae rralae Tha mathndA inunly om +h nn dimensio al AFF: 
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sion equation 


x 6 
= zy {D. [(CX),TO)] =} 
dt a dx 
where C is the mole fraction of Fe and D, is the interdiffusion coefficient in the x 


crystallographic direction, and shows that there is little change in the olivine pro- 
file if cooling rates are greater than 5°C/day at temperatures below @ 750°C. 
Lower temperatures and cooling rates smaller than 1 °C/day would allow diffu- 


sion to be effective. Application of this cooling rate indicator to two lunar 
h tho 


olivines gives values of 10°C/day and 5 °C/day in fair aoreement wit ho 
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ed on dynamic crystallization studies (see Bianco and Taylor, 1977). 

Ohashi and Finger (1974), using a random-walk model, have calculated the 
anisotropy of diffusion for an ideal olivine structure, and conclude that the main 
interdiffusion process is more likely to be related to zig-zag jumps, alternating 
AA1_ AAD AAI _ AM rather than imac alona the ctraight A41 chain 


M1-M2-M1- M2, rather than jumps along the straight M1 chain. 

The effect on the interdiffusion coefficient of hydrostatic pressures between 1 
atm and 35 kbar for compositions with 10, 30 and 60 Mg cation mol. per cent 
(Fig. 148), and profiles parallel to the x, y and z crystallographic axes at 1250°C 
and | atm have been determined by Misener (1974). 
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use in estimating the instantaneous growth rate of olivine crystals in a chilled 
basalt, has been described by Donaldson (1975). Instantaneous growth rates, be- 
tween 2:2 and 6°1 x 107’ cm/s, are derived from concentration gradient data and 


diffusion coefficients. The former are obtained from the compositions of the 
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interface. The ionic diffusion coefficients for the glass compositions, calculated 
from temperature, ionic radius and melt viscosity give the value for Mg*" cations 
as 4:5 x 10°? cm?/s at a temperature of 1170°C. 
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Fig. 148. Ln D versus pressure calculated for 10, 30 and 60 magnesium cation mol. per cent at 900 
and 1100 °C (after Misener, 1974). 
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The mean coefficients of thermal expansion along the x, y and z axes are 9°74, 
an 


9°36 and 12°00 x 10°°/°C respectively, and the volumetric thermal expansion 
coefficient, calculated from the expansion data at 800°C, is 3-1 x 10°°/°C. 


Other t ermal expansion data for olivines of different compositions are given 
by Kumazawa and Anderson (1969), details of which are given in Table 26. 

Precise lattice parameters and cell volumes of six olivines over temperature 
ranges between 25 and 975 °C have been measured by Singh and Simmons (1976). 


Evaluation of the instantaneous ther mal expansion coefficients, a ”? from the rela- 
tionship 


Table 26. Volume thermal expansion in olivine 








Composition Expansion (%) 
Fo moi. %  20- 100°C 20- 200°C Maiteriai Reference 

100 0°20 0°46 polycrystalline Soga and Anderson, 1967 
100 0°20 0°52 single crystal Skinner, 1962 

90 0-19 0°46 single crystal Kozu ef al., 1934 

85 0°21 0°St polycrystalline Rigby et al/., 1946 

59 0°21 0°51 single crystal Rigby ef al., 1946 

20 0°21 0°48 single crystal Rigby et al., 1946 

0 0°21 0°48 single crystal Rigby ef a/., 1945 
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a (2, \ 
1 do \ de / 
where a,is the lattice parameter (in A) at (°C, show that the expansion coefficient 
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increases wWiitil temperature Vi a, whhe it iS CONnStant TOT Guim ©. Law bilotaisn 
taneous volume thermal expansion coefficients, 8B, where B = 1/V,(dV,/dd),, are 
represented by the equations: 


enn7o, 2 ASA 


FO92.5 8, = 28°7* 10 °+4:5x 1077 ¢ 25 °<£< 973 °C 
Fo90-4 8, = 27°6X 10° +7°8x 10° ¢ 25 °< 1t< 963 °C 
Fos3.8 B, =25°6X 10°$ + 11510772 25 °< t< 432 °C 


The mean thermal expansion coefficients for six olivine compositions, calculated 
from the observed data are detailed in Table 27, and show that with increasing 


contents of the fayalite component the expansion coefficients a, and a, decrease 
while a, increases. 


Table 27. Mean thermal expansion coefficients of olivines (after Singh and Simmons, 1976) 


Olivine Temperature Linear expansion Volume expansion 
composition(Fo) range (°C) a x 10°°/°C Bm * 107°/°C 
a b c 

92°5 25-973 8-2 12-0 10°8 31-3 

90°4 25-973 8:2 11-7 10°8 31:0 

53°8 25-432 60 9:4 13°5 29-0 

92°5 25-400 671 12:0 10°7 29°6 

90°4 25-400 671 11°6 10°7 29°3 

53'8 25-400 5°3 9°4 13°3 28°1 





The thermal Coats ion of a single-c crys stal of olivine (F092.3, density 
3-320 g/cm°), at temperatures between 20 "and 1 °C (Fig. 149) has been 


measured by Suzuki (1975) using a dilatometer method. The volume and linear 
thermal expansion coefficients: 


a= > (4b) = A°/ +77) 
ST }p 
1 (6z\ 

“Cr opp = e/U + WO 


where the superscripts 0 and r represent the reference temperature of 0 or r °K 
from which the expansion is measured, subscript i refers to the orientation, Y(7) 
is the anisotropic linear expansion and L is the length of material at T. 
The thermal expansion of forsterite has been calculated by computer simula- 
oe secina «a nmanematern lanst aniaran wafimamant af tha atennatuea im wshinh the thar 
tion USING A BOVINCUIL IVAGol SYUGICS LULIMGLLIIULIL UL tne SLIULLUILY LEI wWihicn tne Lilvin- 
mal expansion of coordination polyhedra are predicted by an empirical relation- 
ship between the expansion coefficient a and the bond strength s (Khan, 1976). 
The calculated lattice parameters obtained compare well with Smyth and Hazen’s 
(1973) observed values at 300 °C (see p. 6), and the values of the expansion coef- 
finiant chines tha cama teanA ac the avmaerimantalwalhlieas wie 7 Mw "we Tha Asta 
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in Table 27 show that for olivine, Fos3.3 a, < a, <a,. 
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Fig. 149. Linear and volume expansion coefficients versus temperature for olivine (after Suzuki, 
1975). 


\} Stil 


to 400 °C, and of y Ye IB2SiO« | to 750 °C 
have been determined by Mao et eta 


969 9) and ‘Suzuki 1.19 79) respectively. 


The thermal expansion of res 
al, (19 


Thermal diffusion. The thermal diffusivity of polycrystalline Mg2SiO., at 
pressures and temperatures ranging from 24-50 kbar and 400- 1300 °K, has been 
measured by Fujisawa ef a/. (1968). Using values of K (thermal conductivity) = 


0°008 3 and 0: 006 3 cal/cm s deg, and C=0 270 and 0°302 cal/ g deg at 700 and 
1100 °K respectively, and a density of 3°20 g/ cm? , gives thermal diffusivities, K = 
K/Cp of 0:0096 and 0-006 6 cm?’/s at 700 and 1 100 °K respectively. The reciprocal 
of thermal diffusivity, 1/K, for Mg2SiO, increases approximately linearly as the 


temperature is increased to 1200 °K, and then remains nearly constant at higher 


temperatures. The thermal resistivity of olivine, containing 2 15 wt. per cent FeO, 
was found by Kanamori ef ai. (1968) to increase linearly at temperatures below 
700 °K, and to decrease at temperatures above 800 °K. 

Schatz and Simmons (1972) have determined the total (XK) and radiative (K,) 


thermal conductivities 


K=K, +k, 
where K, (lattice) = 1/(a+ bT) 


in which @ and BD are constants, for sintered forsterite and two single-crystals of 


alivine Fo... and Fo.. ac a finction af teamnerature (Fia 14a) The variatian of 
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the thermal conductivities with compositions of the (Mg,Fe) olivines at normal 


temperatures and pressure (Horai, 1Y7/1) are shown in Fig. 150b. 


Elastic properties. Seismic wave velocities are the most directly observable 
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olivines and their high-pressure- high-temperature transformation polymorphs 
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Fig. 150. (a) Total (X) and radiative (K,) thermal conductivities. Curves A, sintered forsterite; 
curves B, olivine single-crystal, Fog,; curves C, olivine single-crystal, Fo,,, (after Schatz and Sim- 
mons, 1972). (b) Thermal conductivity of (Mg,Fe)-olivines at 1 bar and 23 °C as a function of com- 
position (after Horai, 1971). 


are of considerable importance in the interpretation of geophysical models for the 
elastic properties of the transition zone in the mantle. On the basis of the ex- 


perimental data (see p. 162), the transformation of olivine to the #-(distorted 


spinel) and y-(spinel) phase should occur in the transition zone at depths of about 
400 kbar. 

The wave velocities in Mg-rich olivines have been measured by Verma (1960) 
and Kumazawa and Anderson (1969), and show considerable anisotropy, par- 


+ lar] ath t tn th : 1 
ticularly with respect to the compressional wave. Thus Verma found that with 


{100] as the direction of propagation and direction of particle motion the velocity 
is 9°87 km/s compared with 7:73 km/s for the [010] direction, whereas shear 
velocities ranged between 4°42 and 4°87 km/s depending on direction of propaga- 


tion and particle motion. Birch (1972), using the velocities determined (see also 


Qreah ni Rp h 1040) hu Vv 
Graham and Barsch, 1969) by Kumazawa and Anderson in the direction of the 


three principal crystallographic axes, and in the direction of the principal planes 
of symmetry at 45° to the principal axes, has computed the velocities of plane 
waves for 91 independent directions of propagation in one octant defined by the 
principal crystallographic axes. For an olivine of composition Foo92.7 Fa7.3, the 


1 fY aAY Ff, da tn ha @- 
mean values of V. and V. were found to be 8°486 and 4:870 km/s respectively (see 


also Soga and Anderson, 1967; other references relating to both experimentally 
and theoretically determined wave velocities are given by Birch). 

Compressional wave velocities for a single-crystal of fayalite also show 
anisotropy with the - velocity parallel toa>c> b (Mizutani et a/., 1970), but the 
anisotropy is less than that of Mg-rich olivines. V, for polycrystalline synthetic 
fayalite increases with pressure, from 5:95 at 1 atm to 6°74km/s at 4kbar; the 
corresponding values for Fe2SiO, spinel are 7:06 and 8:05 km/s (see also Soga, 
1971). 

The effects of the substitution of magnesium by iron, nickel and manganese on 
the elastic properties of olivine have been discussed by Liebermann (1972). The 
isomorphous substitution Mg *= Fe** leads to a systematic decrease in the com- 


pressional wave velocity, i.e. V, = 8°53, 7°53 and 6°64km/s for a-Mg2SiO,, 
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a-Mg;.oFe;.oSiO, and a-Fe,SiO, respectively, and a decrease in the bulk 
modulus. Poisson’s ratio for the above compositions are o, = 0°242, 0°273 and 
0-308. The relationship of the compressional wave velocity (V,) bulk modulus (kK) 
shear modulus (4) and the zero pressure density (£,) is given by: 


V, = [(K + 4/3p)/p,)” 


A method for estimating the zero-pressure parameters of high-pressure-high- 
temperature phases formed by intense shock loading of minerals and rocks has 
been formulated by Anderson and Kanamori (1968). The method involves an em- 
pii rical relationship b ovetween the z zer O-prf ressure ™m mean molar volume and the slope 
at the base of the pressure-volume curve. Data are given for forsterite, density 
3:05 g/cm}, and fayalite, density 4:28 g/cm’. 

Measurements of the compressional wave velocities of 14 specimens of the 
Twin Sisters dunite, Washington, containing 93 vol. per cent olivine and variable 
amounts of serpentinization show that the velocities are related to the densities of 
the dunite such that V, = 4-70p — 7-04 (Christensen, 1971). The mean compres- 
sional wave velocities of the unserpentinized dunite at pressures between 0°2 and 
10 kbar are shown below: 


Pressure 

(kbar) 0:2 1:0 2°0 4:0 6°0 8:0 10:0 
I7 

(km/s) 8:054 8:250 8:299 8:361 8-400 8:427 8°445 


Measured and calculated ultrasonic wave velocities, V, have been determined 
at pressures up to 20 kbar at 800°C for a iherzolite nodule from Ichinome-gata, 
Japan. The average compressional velocity is 8°34km/s, and the value 


dV,/d7(-0°49 m/s deg) is in good agreement with the value for an ideal olivine 
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and Akeni, 1977). The elastic anisotropy of dunite in the tectonic zone of Japan 
has been determined acoustically by Kumazawa and Shimazu (1967). 
Compressional ( V,) and shear (V,) wave velocities for a number of germanate 


and silicate compositions have been measured by Liebermann (1973, 1975). 


T tehermann’c (10746) alacticity data are given in Tahle 98 The V / VY ratings far tha 
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low-pressure and high-pressure polymorphs are approximately constant for the 
olivine-spinel transition, and the velocity increases are twice the percentage 
magnitude of the change in density. Plots of the bulk sound velocity, V, and 
compressional velocity, V,, versus density for the a~y transitions (Fig. 15 1 a, b) 
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expansion of the low-pressure olivine phase, and have been used to extrapolate 


Table 28. Density and velocity variations across olivine (a) - spinel (y) and olivine (a) - beta phase 
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p s p os 

LP-HP 
Olivine - spinel Fe,SiO, 10 17 13 20 1:90-1:98 
Olivine - spinel Ni,SiO, 8 13 8 16 1°76- 1°82 
Olivine —- spinel Mg,GeO, 8 15 16 15 1°75-1°74 
Oiivine - beta phase Mn,Ge0, 7 i8 5 24 1‘86- 1°96 


Vg bulk sound velocity 
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ce 
3°56 g/cm’). 
The pressure-volume relationships of y-Fe2SiO«4, y-Co2SiO, and y-Ni.SiO, 
have been determined using X-ray diffraction measurements under hydrostatic 
compression up to about 80kbar (Sato, 1977). The derived isothermal bulk 
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moduli, K;, are 2: 02, 42UVU9, 2 VO WlVal IOl the Fe, Co and Ni phases respectively 


compared with the earlier values of 2:12 determined by Mao et al. (1969), 2°10 
(Liu et a/., 1974) and 2:14 Mbar (Mao er a/., 1970) respectively. 
Hugoniot equation of state measurements for pure synthetic single-crystal 
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Fig. 152. Forsterite Hugoniot daia in the U,- U, piane. The appropriate iongitudinai (¥,, 016 
bulk sound (V,) velocities from Graham and Barsch (1969). Solid circles, , single-crystals , D 3-222 


Crosses, polycrystalline, D> 20; Open triangies, poiycrysta Bune, D 3:03-3:07 (iviCyucen a id Marsh 
1966; McQueen, 1968), (after Jackson and Ahrens, 1979). 
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forsterite in the pressure range 70- 160 GPa (0°7- 1°6 Mbar) have been performed 
by Jackson and Ahrens (1979). The Hugoniot data are plotted in the shock veloci- 
ty, U,,-particle velocity, u,, diagram of Fig. 152. For particle velocities between 
1-0 and 3:5 km/s these data, and those for non-porous forsterite aggregates (Mc- 
Queen, 1968), yield a consistent set that is described by the equation: 


U, =7:14+ 0°73 u, (r?=0°99) (1) 
and for particle velocities greater than 3°5 km/s by: 
U, = 4:87 + 1°37 u, (r? = 0°97) (2) 


The steep slope of the second equation is considered to result from the 
homogeneous compression of Mg2SiO, in a less compressible shock induced 
high-density state, while the first equation describes the compressible response of 
Mg,SiO, as it progressively transforms under increasing shock pressure to this 
high-pressure state. 

Jackson and Ahrens have also calculated theoretical Hugoniots for un- 
transformed olivine and for the high-pressure assemblages MgO (rock salt struc- 
ture) + SiO2 (stishovite) and MgO (rock salt) + Mg SiO; (perovskite structure). 
Comparison of the Hugoniot data with the calculated Hugoniots (Fig. 153) shows 
that at pressures greater than 120 GPa the high densities are not consistent with 
an isochemical mixture of MgO (rock salt) and SiO, (stishovite), but are in close 
agreement with the transformation of forsterite to MgO (rock salt) + MgSiO; 
(perovskite). At shock pressures less than 35 GPa the olivine structure is stable. 
Combination of the single-crystal forsterite data with the high-pressure Hugoniot 
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Fig. 153. Comparison of forsterite Hugoniot data (solid circles) with calculated Hugoniots for un- 
transformed olivine and for MgO (rock salt structure) + MgSiO, (perovskite structure). Shaded area, 
envelope of uncertainty using different elastic and thermodynamic parameters, Solid circles, single 
crystal, D 3°222; Crosses, polycrystalline, D 3°20; Open circles, polycrystalline, D 3-03-3-12 (after 
Jackson and Ahrens, 1979). 
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data for the Twin Sisters dunite (Fo92), Mooihoek dunite (Foso) and fayalite (Mc- 
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Queen ef ai., 1967) shows a linear correlation between the 120 GPa Hugoniot 
density and composition that is expressed by the equation: 


P= 7:00 — 0:018 {MgO/(MgO + FeO)} 


The zero pressure isothermal bulk modulus for forsterite, using a hydrostatic, 
high-pressure and X-ray technique, has been determined by Olinger (1977). The 
data, together with the relative volumes calculated from the elastic constants of 
Graham and Barsch (1969), with which they show very good agreement, are il- 


1 sae 
lustrated in Fig. 154. The figure also shows that the b and c cell edges are less, and 


the a cell edge more compressible than the values calculated from Graham and 
Barsch’s data. 

A discussion of the Hildebrand equation of state, and its application to 
minerals relevant to earth geophysics has been reviewed by Anderson (1979) and 
Tholk madiuilne and 
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coefficient of thermal expansivity of forsterite. 


Magnetic properties. Magnetic susceptibility measurements by Duff (1968) have 
shown that solid solutions of Mg2SiO, with Mn-, Ni-, and Co-olivine exhibit 


t tif, t t t tt t heat en my? 
Strong antiferromagnetic interactions at temperacures ottwten ov and 300°K. 


Considerable ferromagnetism was also reported by Duff to occur in the 
Mgzg2Si0,- Fe2SiO, solid solution series. The samples, however, contained small 
amounts of Fe** and the effect may possibly be due to the presence of some ferric 
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iron. 
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has been measured by Santoro et al. (1966). The data are illustrated in Fig. 155. 
The reciprocal susceptibility curve consists of distinct temperature regions, a 
paramagnetic region showing a Curie- Weiss behaviour at high temperature, and 
an intermediate region where the reciprocal susceptibility continues to decrease 
linearly with temperature after the transformation of Fe,SiO, to a collinear an- 
tiferromagnet at 65°K. The curve has a minimum at 23 + 2°K, and exhibits the 
levelling off in the low temperature range typical of polycrystalline antifer- 
romagnetics. The magnetic susceptibility of nickel olivine was found by 
Newnham et al. (1965) to display a maximum at about 34°K indicating a 
paramagnetic - antiferromagnetic transition at this temperature; the antifer- 
romagnetic properties of NizSiO4 below 30°K have been reported more recently 
by Ozima (1976). 
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Olivine Fabrics and Deformation 


Preferred orientation of olivine in both igneous and regional metamorphosed 
ultrabasic rocks has been reported in numerous investigations. The orientation is 
commonly a = [010] normal to the layering in igneous, or normal to the foliation 
or schistosity in metamorphic rocks. This fabric may arise in a number of ways, 


hy d ith fF tahiila Inia ¢ tale in maamatinr 3 4 
by deposition of tabular, {010}, crystals in a magmatic environment, by plastic 


deformation involving translation on {010} glide planes, or by piezocrystallization 
under uniaxial compression in the presence of intergranular fluids. 


Igneous fabrics. In many plutonic rocks olivine frequently crystallizes with a 


tahnlar hahit narallal to (010) Pp 
tabular habit parallel 0). Particularly in layered intrusions in which olivine 


has accumulated under ‘the influence of gravity and convection currents the 
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Fig. 154. The relative cell edges and volumes of forsterite at pressures to 80 kbar. Open circles, 
V/ V3 Solid circles, b/b|; Open triangles, c/c,; Open squares, a/a,. The ambient cell edge values are 


a,4 447, b 10° 180, c, 5° 977 A. Curves show values calculated from ultrasonic data by Graham and 
Barsch (1969) (after Olinger, 1977). 
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ig. 155. Reciprocal magnetic susceptibility of polycrystalline fayalite (after Santoro ef al., 1966). 


mineral tends to be oriented with an a = [010] maximum normal to the layering, 
and with 8 = [0011] and y = [100] girdles narallel to the igneous lamination. Less 
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frequently the crystals are prismatic in habit and are elongated parallel to x or y: 
in such cases maxima paraiiei to these directions may develop within girdies either 
parallel or normal to the current direction. Examples of this dimensional orienta- 
tion are displayed by the non-harristic olivine-rich cumulates of the Rhum 


nluton. and in the hortonolite ferrogabbros of the Skaereaard intrusion (Brothers 
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1964). In both intrusions the olivine shows a marked maximum normal to the 
lamination as noted earlier for other igneous rocks (Brothers, 1960, 1962; 
Jackson, 1961). 

Olivine with well developed translation (deformation) lamellae occurs in the 
nitrahacic dvblec af cnnthwect Skye (Cnuhh 10K6Ra\ In mact af the dvbkec nlivine 


ultrabasic dykes of southwest Skye (Gibb, 1968a). In most of the dykes olivine 
constitutes less than 60 vol. per cent of the rocks. There is no evidence of 
mechanical deformation of the dykes occurring after their solidification. It is thus 
likely that the lamellae did not developed in situ, but were already present in the 
olivine cores prior to intrusion, and that the extension of the lamellae to the 
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cores. The latter were probably produced by tectonic deformation at elevated 
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temperatures in a rock in which the olivine was the refractory residuum after par- 
tial fusion. 

Deformation lamellae with glide plane and glide direction, identified from 
X-ray oscillation photographs as {100} [001], are present in the olivines of the 


dunitec in the neridotite helt of New Zealand Challic (19067) cuagectc that ctraccec 


dunites in the peridotite belt of New Zealand. Challis (1967) suggests that stresses 
resulting from the growth of superincumbent and adjacent crystals could, in an 
essentially monomineralic rock, give rise to the observed deformation in suitably 
oriented crystals during the later stages of crystallization. 

Other references to the preferred orientation of olivine in igneous rocks in- 


clude thnce in neridnatite vannlithe in Canth African Limbharlitac (Rantlher and 
uGe inose in periaoute xenoliths in soutn AITican KiIMoeriites Youu. alu 


Nicolas, 1975), in lherzolite nodules in alkali olivine basalt, Malapai Hill, 
California (Stull and McMillan, 1973), in ultramafic xenoliths in basalts of the 
Kerguelen archipelago (Talbot et a/., 1963), in dunite, Almklovdahlen, southern 
Norway (Lappin, 1967), in wehrlitic peridotite and dunite dykes, Klamath Moun- 


tains northwactarn Califarnia (Tameac 1071+ Timman 1064) in harzvhirgita of 
tains, MOPuUiwesrern VWailrOrmid (vais, i7/ia, LIpMmMan, 170S;7, Ul OarZOurgite O17 


the Vourinos ophiolite, Greece (Jackson et al., 1975), and in the harzburgite- 
dunite of Burro Mountain, California (Loney et a/., 1971). 


Metamorphic fabrics. The occurrence of olivine, elongated parallel to [010], in 
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tonalite, Malenco Mts, and in some talc- olivine rocks of regional metamorphic 
origin has been described by Trommsdorff and Evans (1972). Similar bladed 
olivines, “Foos, elongated parallel to [010], occur in a sill-like ultramafic body in 
the northern Sierra Nevada, California (Hietanen, 1977), and in some of the len- 
ticular ultramafic bodies in the Nain Province of Labrador (Collerson ef ai., 
1976). In the latter some of the textures are interpreted as relic cumulate or har- 
ristic textures mimicked by the regrowth of the olivine during metamorphism. 

Olivines of many ultrabasic rocks and particularly those in alpine peridotite, as 
well as in ultramafic nodules in alkali basalts and in kimberlites, show evidence of 
plastic deformation in the form of undulose extinction, kink bands, and transla- 
tion lamellae. In addition, the olivine in these rocks displays a crystallographic 
orientation, frequently with the a-vibration or [010]-axis perpendicular to the 
plane of fissility. The common glide mechanisms in natural olivine tectonites is T 
= = {010}, t = [100], and [001] the external rotation axis, and the fabric is the result 
of one or more of the processes of plastic deformation, rotation and alignment, 
recrystallization and annealing. 

The typical petrofabric pattern is an a point maximum, often within a weak 
girdle, perpendicular to a foliation plane, that is sometimes accompanied by a 


second girdle containing the B and y axes. In others this second girdle may exhibit 
distinct maxima and show all gradations s to a pattern iin which a, p and Y display 
mutually orthogonal maxima. 

The mechanism of slip in olivine is related to the crystal structure and is also 
dependent on the temperature and strain rate at the time of deformation (see Fig. 
166). In many, perhaps in the majority of peridotites the deformation has oc- 
curred at temperatures high enough for partial or complete recrystallization, and 
the resulting fabrics are due to an amalgam of these various processes. 

Early descriptions of the preferred orientation of olivine in metamorphic rocks 
were given by Andreatta (1934), Phillips (1938), Turner (1942), Tilley (1947a) and 


Chudoba and Frechen (1950). Later investigations include those of Yoshino 
(1961), Hartman and den Tex (i964), Kazakov (1965), Ave’Laliemant (i967), 
Raleigh (1968), Carter et a/. (1968), Mockel (1969), Ragan (1969), Young (1969), 
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Boland ef al. (1971), Christensen (1971), Lappin (1971), Green and Radcliffe 


(1972a), Olsen and Birkeland (1973), Rost and Mihm (1973), Gueguen and 
Boullier (1976), Borley (1976), Buiskool Toxopeus (1976, 1977a, b, c), Ross 


(1977) and Boudier (1978). 
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and peridotites, with the i increasing » intensity of deformation inferred from the 
geological environment of the host rocks, has been reported by Buiskool Toxo- 
peus (1976). The increasing intensity of deformation is marked by an increasing 
density of individual dislocations, a decrease, from 50-500 ym to 2 um, in the 
spacing between dislocation arrays, and between dislocations within the arrays 
(0°6- 1:0 um to 0:07-0-1 um), and an increase in elongate cell structure parallel 
to [010]. 

The preferred orientation of olivine prophyroclasts, y = [100] perpendicular 
to, and a = [010] and B = [001] parallel with the foliation plane in a chlorite 
peridotite mylonite around the garnet peridotite of Alpe Arami, Ticino, 
Switzerland, has been reported by Buiskool Toxopeus (1976, 1977c). The olivine 
in the matrix has a different orientation with a perpendicular to, and # and y in 
the plane of foliation. Petrofabric analysis of a wide range of specimens in- 
dicates, however, a possible transitional relationship between the two olivine 
fabrics. The porphyroclasts have undergone considerable polygonization due to 
dynamic recovery, while the matrix fabric is considered to have developed as the 
result of a continuous process of dynamic recrystallization that occurred concur- 
rently with the deformation. 

The petrofabric patterns of olivine found in the main types of peridotite, in 
which olivine-clinopyroxene- orthopyroxene associations occur with either 
plagioclase, spinel or garnet, have been related by Lappin (1971) to the conditions 
of crystallization as inferred from the composition of the clinopyroxene. 

Olivine textures in Iherzolite xenoliths in basalts have been correlated by Mer- 


cier and Nicolas (1975) with the three main xenolith structural types. Thus the 
olivines of the protogranular group display polygonization and recrystallization 
of the larger grains into aggregates with a close common orientation; olivines 
showing kink-bands are few. Those of the porphyroclastic group consist of large 
and elongated strained grains (porphyroclasts) and polygonal strain-free 
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neoblasts. In the equigranular textured xenoliths, developed by complete 
recrystallization of the prophyroclasts, t the olivine occurs mainly in smaller strain- 
free tablets and some larger heavily kinked crystals with T = {Ok#}, t = [100]. 

The textures and fabrics of olivine in peridotite xenoliths in kimberlites have 
been described by Olsen and Birkeland (1973), Boullier and Nicolas (1975), and 
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Boland and Buiskool Toxopeus ( (1977). The latter have shown that the olivine in 
the nodules of the kimberlites from the Lesotho region displays two distinct 
dislocation substructures. One consists of planar dislocation arrays, approx- 
imately parallel to (100), with a minimum spacing of @1-0 ym, this substructure is 
correlated with high temperature, low stress conditions. The second substructure 
[001) is associated with dislocations with a density varying from 2-8 x 10*/cm? 
indicating that dislocations formed at faster strain rates and/or lower 
temperatures. The two phases of the deformation are considered to be related to 
an early stage of mantle-type (creep) flow that was followed by a second deforma- 
tion during or subsequent to the emplacement of the kimberlite 


ion during or subsequent to the emplacement of the kimberlite. 

The low- and high- -temperature effects of shock on the deformation substruc- 
tures of olivine in some stony meteorites, have been described by Ashworth and 
Barber (1975, 1977). The structures have been modified by recovery at in- 
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termediate temperatures and involved only a relatively small amount of 


recrystallization. 


Deformation mechanism. The effects of deformation are marked by the 
development of translation lamellae (deformation lamellae, slip bands), kink 


bands and undulose extinction. The lamellae (Fig.156) appear as faint lamellar 
structures parallel to the slip bands, the slip systems of which vary with 
temperature and strain rate, and are an expression of photoelastic effects that 


result from long-range stress due to edge dislocations trapped in the slip planes. 
Kink bands are the result of inhomogeneous translation gliding in which the 
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magnitude of the translation in the slip plane varies in the direction of slip. Un- 
dulose extinction is the result of bending of the crystal lattice without the develop- 
ment of slip. 
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Fig. 156. Diagrammatic sketch of kink bands in olivine (after Raleigh, 1968). 


The mechanism of slin has been sti ude d by a number of ater ent methods, 
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petrographic measurements of rotation n deformed rocks, the examination of 
slip lines on polished crystal surfaces, surface etch pits, X-ray diffraction and 
transmission electron microscopy. A structural interpretation of slip systems in 
olivine has been presented by Poirier (1975). 


Kamb’s (1959) general theory on preferred crvstal orientation develoned by 
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crystallization under stress has been applied by Hartman and den Tex (1964) to 
evaluate the effect of uniaxiai compression on poiycrystailine olivine aggregates 
under dry conditions, and in the presence of an intergranular fluid capable of 
dissolving and precipitating olivine. In the absence of an intergranular fluid the 


theory predicts a tendencv to narallelism of the y= [100] axis and the avis of com- 
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pression without affecting the crystal form, i.e. a preferred dimensional orienta- 
tion is unlikely under these conditions. In the presence of fluid, Hartman and den 
Tex concluded that the y axis will tend to become parallel to the unique compres- 
sion axis, and will be accompanied by the development of tabular crystals perpen- 
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A classification of dislocation microstructures, based on a study of deformed 
olivines in xenoliths of mantie origin (basaits and kimberlites) and from the Lan- 
zo (Italian Alps) and Almklovdalen (Norway) massifs has been proposed by 
Gueguen (1977, 1979). 


1, [100] Organization (Fig 1§Ta\ c 
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from one (100) tilt wall to another. 


Olivine Group: Olivine 221 





Fig. 157. Classification of dislocation microstructures. (a) [100] organization. Screw dislocations 
cross from one tilt wall to another (6 = [100]). (b) ‘Geometrically necessary’ dislocations; edge 
dislocations (b = [100]) are progressively climbing into (100) tilt walls (electron micrographs, 
Gueguen, 1979). 


2. [001] Organization in which the free dislocations are essentially straight [001] 
screws concentrated in {110} slip bands. 

3. Cell or polygonized structures delimited by (100) and (001) tilt and (010) twist 
walls. 

4. Multiple glide loops, consisting of [100] screws and straight mixed segments in 
{110} resulting from climb in {110} and/or cross slip on (010) (see Fig. 163, 
p. 227). 

5. (010) Glide loops that, by analogy with experimentally deformed crystals, oc- 
cur when the dominant slip system is (010) [100]. 

6. Geometrically necessary dislocations (Fig. 157b) consisting of edge disloca- 
tions (b = [100]) of like sign, and believed to accommodate the curvature im- 
posed on the crystal by adjacent grains, and resulting in undulatory extinction. 

The second type of microstructure commonly occurs in the olivines of the 

massifs, the others in xenoliths in basalts and kimberlites. Types 1, 4 and 5 have 

been frequently observed in single crystals deformed experimentally at high 
temperature, and can probably be regarded as representative of mantle flow. 


Experimental deformation. A considerable amount of information relating to 
the experimental deformation of olivine is available, much of it at temperatures 
and strain rates that are directly applicable to ultrabasic rocks presumed to have 
originated in the upper mantle, e.g. Raleigh (1967, 1968), Carter and Ave’ Lalle- 
mant (1970), Raleigh and Kirby (1970), Green and Radcliffe (1972b), Phakey et 
al. (1972), Blacic and Christie (1973), Nicolas et a/. (1973), Boland (1974) and 
Kohlstedt ef a/. (1976), Durham and Goetze (1977a, b). 

Raleigh (1968) has shown that slip bands, formed during the deformation of 
olivine at 5 kbar confining pressure, with strain rates between 107? and 107°s™! 
and temperatures to 1000°C, are broader but less distinct at the lower strain rate 
at 1000°C compared with those developed at lower temperatures or more rapid 
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strain rates. At the lower _ temperatures (< 500 °C) the slip bands are mainly 
parailel to (100) and {110}, but as the temperature increases those parallel to (100) 
diminish in importance relative to {110} (Fig. 158). At 1000°C and a strain rate of 
2x 10°‘ s™! the slip band orientations occur in approximately equal numbers of 
those parallel to (010) and those in apparent random orientation; the slip direc- 


tion is 001], and toa smaller extent (010} at low, and predominantly [100] at high 
temperature. Carter and Ave’Lailemant (1970) have shown that certain slip 
planes in the zone [100] are preferred, but on account of the number of planes 
present in the zone, this system is generally described as a pencil glide process (see 
also Green and Radcliffe, 1972a, b). 

Carter and Ave’ Lallemant (1970) studied the mechanical behaviour and defor- 
mation processes of an olivine, Fo42, a dunite and a lherzolite (containing 60-70 
per cent olivine, @ Fo9,), both in the presence and absence of externally released 
H,O, at confining pressures 5-20 kbar, temperatures 300- 1400°C, and at con- 


stant strain rates rangine from 107? to 10°78 s7! They showed that deformation 
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occurred by plastic flow on the system T = (1 10), t= (001), and changed to the slip 
system {Oké} [100] and then to (010) {i00] at higher temperatures and iower strain 
rates (Fig. 159). Polygonization (dislocation climb) was found to occur at ° 


1000 °C at a strain rate of 107’ s”'; recrystallization began at 1050 °C at the same 
strain rate but occurred at 5O °C lower with a tenfold reduction in strain rate. The 
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effect of confining pressure was found to be of less importance, an increase of 


1 kbar lowering the transition temperature by only 7 °C. The process of 
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Fig. 158. Crystallographic orientation of slip bands on equal area projection of olivine crystal axes. 
(a) specimen deformed at 400°C, strain rate 2 x 10°? s~'; slip bands parallel to {110}, (100). (b) 
Specimens deformed at 800 and 860°C, strain rate 5 x 10°5 s“'. (c) Specimen deformed at 1000 °C, 
strain rate 2 x 10°‘ s“', slip bands parallel to {110}, {0k/}. (d) Specimen deformed at 1000 °C, strain 
rate 2 1075 s“!, slip bands parallel to {Oki} (after Raleigh, 1968). 
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Fig. 159. Predominant slip mechanisms in experimentally deformed olivines as a function of 
temperature and strain rate (after Carter and Ave’ Lallemant, 1970). 


nsidered to result from the diffusion of interstitial atoms or 


me 
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vacancies to edge dislocation lines, thus allowing the “dislocations to climb in a 

direction normal to the slip plane and to rearrange into more stable, lower 
energy, subgrain walls that separate polygonal domains of small disorientations. 

Deformation lamellae are not observed at the temperature at which 

polygonization begins, and the absence of visible lamellae may be due to their 


rapid climb out of the slip planes : so that the number remaining are too few to give 
the long-range stresses required for the photoelastic effect. The presence of kink 
bands and undulose extinction, however, show that plastic flow still remains an 
important mechanism. 

Grain boundary recrystallization was serve begin in em re 
range 1000- 1050°C at a strain rate of 7°8 x 1074 s", and at hi igher te emperature or 
lower strain rates the growth of new grains within the strained host crystals, as 
well as at grain boundaries, occurred. At still higher temperatures or lower strain 


rates, the process of syntectonic recrystallization became the dominant 
mechanism of the deformation. and the original grains were comnpletelv renlaced 
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by a mosaic of strain-free crystals with irregular or polygonal margins. The 
kinetics of the recovery process has been investigated experimentaiiy by annealing 
naturally deformed olivine at successively higher temperatures (Goetze and 
Kohlstedt, 1973). 


The recovery nrocescs af deformed olivinec 
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and Karato (1978). Their data, obtained by annealin olivines from a number of 
peridotites at temperatures between 1300 and 1500°C for periods varying from 
100 to § hours, showed that the rate of dislocation density decrease depends on 
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both the temperature and the initial dislocation density and approximates to the 
expression: 


where 9 is the dislocation 

From the optically determined Orientations of olivines in dunites plastically 
deformed at high temperature and at different strain rates, Ave’Laliemant and 
Carter (1970) have shown that for intragranular recrystallization of the dunite, 
the orientations of the new grains are controlled by orientation of the host. For 


intergranular and total recrystallization of the dunite the orientations are con- 
in twa &+ aus ayy AsLLUMS aaa PAW WELAWALLMEHLIWAAD USL wWais 


trolled mainly by the stress, and are a = [100] parallel to o, and the f- and y-, i.e. 
[001] and [100], girdles are in the o2 = 03 plane. These orientations are similar to 
those most commonly observed in syntectonically recrystallized peridotites and 
dunites presumed to have derived from the upper mantle. The annealing 


c neridotite yvenoliths hac heen in- 
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o the study of the dynamics of 


recrvstallization of olivine in porphyrobla 
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et 

vestigated by Mercier (1979), and applied 
kimberlite intrusion. 

A detailed investigation of the slip mechanism in a gem quality peridot, Fog, 

has been presented by Phakey ef al. (1972). Compression was applied in three 
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directiane with recnect ta the cructallngranhic orientation of the alivine (Fia 
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160), o; approximately normal to b[010] and inclined at about 45° to both a[100] 
and c{001J, o normal to a[100] and inclined to b{010) and c[001j, and o, normai to 
c[001] and inclined to a[100] and b{010] at about 45°. The experimental data at 


800 and 1000°C are illustrated in Fig. 161. The early parts of both stress- strain 
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and indicate that permanent deformation occurred at low strain rates. The figure 
also shows that at 800°C the effect of orientation is appreciable and the crystal is 
considerably stronger when the o, orientation is normal to [001] than in either of 
the two other orientations. At temperatures between 600 and 1000°C, slip 
par rallel t to {O01} \ was found t to pr redominate when h high h shear str ess was applied i in 
this direction, and it was found that the critical shear stress is less for [001] slip 
than for other slip systems. The experimental runs also provided evidence of the 
beginning of cross-slip at about 800°C, its strong development at 1000°C, the 
start of dislocation climb a little below 1000°C, and extensive recovery and 


(010) 





Fig. 160. Inverse pole figure showing compression directions in experimentally deformed peridot 
(after Phakey ef al., 1972). 
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Fig. 161. (a) Stress-strain curves for peridot at confining pressure of 10 kbar and strain rates 10~¢ 
and 107° s~' at 800 °C (b) at 1000 °C (after Phakey ef al., 1972). 


A flow law of the form: 


é = f(a) exp (- Q/RT) 


where f(o) is an empirical function that is not simply proportional to o” for con- 
stant m, and @ the activation energy for creep (= 125 kcal/mol) at temperatures 
between 1100 and 1700°C, is given by Kohlstedt and Goetze (1974). The expres- 
sion for the flow law was obtained from gem quality single-crystals of olivine 
plastically deformed at differential stresses of between 50 and 1500 bar at zero 


confining pressure (see also Durham and Goetze, 1977a, b; P. 000). 

The experimental data relating to the flow equation of power law creep of 
ultrabasic rocks has been reviewed by Tsukahara (1974). The same author also 
has investigated the effect of water pressure on the deformation, and concludes 


that a more precise flow equation is given by: 
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= 6°3 x 10° 07°’ exp [— (1:2 10° - 1:15P,, ,)/RT] 


(note: the activation energy is in bars). 
The relationship between syntectonic recrystallization and translation gliding 


’ 
in a general s stress field Ci > Co; > 03 has heen investigated by Ave Lallemant 


(1975). The preferred orientation of olivine in solid dunite and compressed dunite 
powder at temperatures of 1000-1150°C, pressures between 10 and 15 kbar and 
strain rates of 10-107’ s~!, leading to shortening of 20-27 per cent, and cor- 
responding with maximum principal compressive strains of 25-37 per cent in the 


centre of the samples, was found to give a = [010] maxima parallel to o; and y = 


(100] maxima parallel to o3. This fabric pattern is interpreted as the result of 
selection growth of newly formed nuclei that have low coefficients of resolved 
shear stress for slip on (010) [100]. 

Dislocation orientation in experimentally deformed olivine, Fo gs- Foo, has 


been studied by Young (1969) using etching techniques with HF or 5 HF + 2 


HNO,, and with KOH + NaOH + H.O. Etch pits due to the preferential solution 
of material considered to result from local chemical irregularities in the crystal 
were found to develop at the intersections of dislocations with defined 
crystallographic planes. An improved etching technique that involves the use of 
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hydrofluoric and fluoboric acid in combination with hydrochloric and citric acids 
has been described by Wagner and Christie (1974). Dislocations, low-angle 
dislocation boundaries and dislocation arrays on the faces (010), (100) and (001) 


of polished and naturally cleaved and experimentally deformed single-crystals of 


olivines, as well as dislocations and radiation damage tracks in lunar olivine. were 
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observed. 

The development of pits, initially elongated parallel to [010] on (100) faces of 
olivine etched with HF and H;PQ,, and their subsequent reorientation, parallel 
to [001], after prolonged treatment in concentrated acids has been reported by 
Horn and Maurette (1967), and an etching technique has been used by 
Krishnaswami ef al. (1971) to study cosmic ray nuclei tracks in meteoritic and 
lunar olivines. 

Another method of decorating dislocations in forsterite has been described by 


Jaoul et al. (1979). The method consists of diffusing ferrous iron into the 


n 1 Falk ina at QNNP, F 1 
forsterite lattice and then oxidizing the thin layer of olivine in air at 900°C for | 


hour. The dislocations are visible under the optical microscope and, in com- 
parison with other methods, larger volumes may be observed with this decoration 
technique. 

The use of weak-beam transmission electron microscopy to observe the ‘separa: 


1k ha 
tion distance between partial dislocations in olivine, (Mgo.92F€o.08)25iO., has 


been reported by Van der Sande and Kohlstedt (1976). At a deformation strain of 
10 per cent, 1500°C and a differential stress of 0-3 kbar the dislocation density 
showed an increase from an initial value of about 10°/cm? to a final density of 


10’/cm?, with a separation of the partial dislocations for both [100] and [001] of 


NK feae alen Virhy and Weener (1070) 
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Shock-induced deformation microstructures have been described by Carter et 
al. (1968), Sclar (1969), and Miiller and Hornemann (1968, 1969). The latter 
reported planar deformation structures parallel to {100}, {010}, {001}, {130} and 
{aki}; the last two have not been observed in natural olivines or in static deforma- 
tion experiments, but are present in some meteoritic olivines, and are thus pro- 
bably related to the high strain rates and high shear stresses associated with shock 
compression. The structures were found to occur in specimens subjected to low 
(2 50 kbar) as well as high (* 400 kbar) shock pressures; the coherence of the 
crystals along the planar structures is largely destroyed, and the grains display i ir- 
regular fracturing, undulose extinction and mosaicism. Uncertainties that may 
arise in determining Burgers vector by electron microscopy resulting from 
misinterpretation of the image contrast at dislocations are discussed by Boland 
(1976). A method to resolve the finer details of the image contrast using computer 


simulated i images of dislocations, is used in the study of an olivine from the cen- 
tral Swedish Caledonides. 

Thermally induced fractures in olivines of stony meteorites by thermal cycling 
(up to 3 200 cycles) between 83 and 273 °K have been reported by Levi (1974), and 
are considered to be due to hardening processes and the propagation of 
microcracks. 

Olivine glass, occurring in amorphous zones within crystalline regions of an 
experimentally shock deformed single-crystal of natural peridot (Foss), has been 


reported by Jeanloz et al. (1977). The shock wave propagation was parallel to 
[010] and the peak pressure @ 56 x 10? Pa. The glass appears to be closely 


associated with the greatest density of dislocations, and the shocked specimen 
displays a wide but small-scale variation in the degree of deformation. This is the 
first observation of an olivine glass. 
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Naturally decorated dislocation substructures have been observed in olivine in 
dunite, wehrlite and olivine gabbro xenoliths, Mauna Kea volcano, Hawaii, and 
in lherzolite xenoliths from San Quintin, Baja California (Zeuch and Green, 
1977). The decoration consists of hematite and magnetite alteration products of 
the olivines that are preferentially precipitated along the dislocations; these in- 
clude loops parallel to (001), low-angle boundaries lying predominantly in (100), 
(010) and (001), and structures produced by multiple cross-glide of [100] screws 
(Figs. 162, 163). 





Fig. 162. Schematic diagram illustrating the formation mechanism for the structures produced by 
multiple cross-glide of [100] screws in olivine from peridotite xenoliths. (a) A [100] screw dislocation 
glides in the [010] direction in plane P (containing an obstacle, O) which is parallel to (001). (b) At the 
obstacle a part of the dislocation cross-glides up to plane P’, parallel to P dragging out edge disloca- 
tions in the plane of cross-glide (dashed surface). The screw dislocation in P’, pinned at both ends by 
edges, bows out, leaving behind dislocations parallel to <110>. The screw dislocations in plane P are 
each pinned at one end to edges, but otherwise free to move about the pinning points. If they meet 
obstacles beyond the original pinning point they may bow out in P, leaving behind dislocations as 
shown parallel to <110>. At these latter pinning points the screws are again free to cross-glide up or 
down to planes parallel to P and P’. (c) The [100] screw segment has disappeared leaving one disloca- 
tion parallel to <110> in P and P’ (after Zeuch and Green, 1977). 





Fig. 163. Structures produced by multiple cross-glide of [100] screws showing series of multiply 
cross-gliding [100] screws leaving behind dislocations parallel to <100> (electron micrograph, Zeuch 
and Green, 1977). 
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An application of the finite strain theory, with particular reference to the 
anisotropy of olivine in the upper mantle has been presented by Kumazawa 
(1964), and includes the calculated effects of hydrostatic pressures up to 0°35 
Mbar on the physical properties of forsterite (e.g. lattice constants, density, 


Ailatnt: \ 
dilatational wave and shear wave velocity, and volume dilatation). 


From an experimental study of the effect of differential stress on dislocation 
density, Kohlistedt and Goetze (1974) showed that the relationship can be 
expressed: 


o=3GbVP 


where / is the dislocation density, G the rigidity (0°65 x 10° bar), and b the 
magnitude of the Burger’s vector (5 x 10°°cm). This relationship has been applied 
(Toriumi, 1979) to dislocation density and subgrain size data from naturally 


deformed olivines in peridotite xenoliths and alpine-type Peridotites. In these 
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TOCKS, 1 OF iumi founda tnat tne SuUDgraiii size and dislocation GCrSILy of the olivine 
subgrain interiors can be represented by the empirical expression: 


d= 15/V/ P(cm) 
where d is the subgrain size. By combining the tw relationships the dislocation 
t 


density can be eliminated and converted to 
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stress and subgrain size: 


d= 45 Gb/o 
The evolution of free dislocation density and (100) tilt walls spacings have been 
etunAiad (Dinawkh 10) a nataecal Aumita fear Vittal finll Geseradan mA aftae a 
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nealing at temperatures between 1100 and 1700°C for 1 to 2000 hours at_1 atm 
under controlled oxygen fugacity. The data show a smaller dislocation density 
than those obtained earlier by Goetze and Kohlstedt (1973) and Toriumi and 
Karato (1978). The discrepancy, however, is most probably related to Ricoult’s 
work being based on minimum densities whereas average dislocation densities 
were used in the earlier investigations. 

A review of the plastic deformation of olivine is given by Nicolas and Poirier 
(1976) and Green (1976). 

The shear strength of forsterite at strain rates of 1 to 107° s~' varies from 

1-77 kbar at 5‘Skbar to 15:2kbar at 5Okbar confining pressures (Riecker and 
Seifert, 1964). The change of slope in the stress-strain curve at about 30 kbar 
represents a change in behaviour from one of predominant slip to one of 
predominant shear. In a subsequent investigation Riecker and Rooney (1966) 


determined the shear strength of a slightly Serpentinized dunite from Addie, 
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INVITE Wai Vbla. OLLUSOS — str ain curves ror tné 5 vol. pel COL serpentinized dunite 
at temperatures varying from 27 to 900°C, and for synthetic forsterite at 300 and 
700°C are presented in Fig. 164. The curves show that at a confining pressure of 
30 kbar the strength of the serpentinized dunite decreased by some 30 per cent as 


the temperature increased by 220 °C, and that the strength of the serpentinized 
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dunite is SUTLIG 20 pel Cet lower than thal of synthetic rorsterite. 

The mechanical behaviour of the dunite and a lherzolite containing 60-70 per 
cent olivine, Fo 2, as functions of temperature and strain rate are illustrated in 
Fig. 165. For dunite steady-state deformation takes place at temperatures above 


1100 °C at a shortening ¢ of more than 7 per cent, and the comparable values for 


the lherzolite are 1060°C at 8-10 per cent shortening. A plot of the steady-state 


strengths versus strain rate for dunite (wet) and dunite (dry), plotted as log stress 


-1 
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Fig. 164. Shear strength- normal pressure curves at various temperatures between 27 and 900 °C for 
dunite, Addie, North Carolina containing 5 per cent serpentine veins (solid lines), and for synthetic 
forsterite (broken lines) (after Riecker and Rooney, 1966). 
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Fig. 165. (a) Stress-strain curves as a function of temperature and strain rate (é) for dunite in the 
presence of externally released H,O at 15 kbar confining pressure and ¢ = 10°* s"'. (b) For therzolite 
in the presence of externally released H,O at 10-20 kbar confining pressure and ¢ = 7°8 x 1075 s™! 
(after Carter and Ave’ Laiiemant, 1970). 


versus log strain rate is ‘Shown j in Fig. 166, the data of which were fitted by least 


(é strain rate, A is a nearly temperature insensitive material constant, Q activation 
energy for creep (= 80 (wet) and 120 (dry) kcal/ mol), o the stress difference (0, — 


63), R the gas constant, 7 temperature (°K), 7 = 2°4 (wet), = 4-8 (dry)). 
The basic fracture parameters at fast (dynamic) rates (order of magnitude 
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Fig. 166, Log stress versus log strain rate for steady state data at various temperatures for dunite (a) 
deformed in the presence of externally released water, and (b) deformed dry. Equations obtained 
from ieast squares fits. Isotherms generated from equations (after Carter and Ave’ Laliemant, 1970). 


10°m s~') have been determined for a single-crystal of olivine, Foss, in air at 20°C 


(Atkinson and Swain, 1978). The method involves the analysis of localized frac- 


ture about indentations produced by a Vickers pyramidal indentor, for which the 
extent of ‘medium’ or ‘normal’ cracking, 2c, at load P, may be directly related to 
y, the fracture surface energy by: 


y = K,P?/2 Ec? 


where K, is a dimensionless term relating to the indentor shape and E is Young’s 
modulus. The fracture surface energy of the {010} plane was found to be 0°95 
J m~?, compared with the calculated thermodynamic surface energy (equal to y in 
the absence of dissipative processes during crack extension) values of 0°37 to 8°63 
Jm~’. The measured value of y for the {00 {001} plane is 1:26 Jm “? 

Data relating to the mechanical behaviour of olivine have been reviewed, and a 
set of material properties for olivine deduced, by Ashby and Verrall (1978). The 
effects and characteristics of the deformation are discussed in terms of cataclastic 
flow, low- ‘temperature plasticity, diffusion flow and power- -law creep (non- linear 


flow involving both the climb and glide motion of dislocations). Equations 
relating the strain increment (or strain rate) to the stress and temperature at which 
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the strain is applied and to the time are presented, and have been used to con- 
struct deformation diagrams for flow under zero pressure and for pressures up to 
81 kbar (Fig. 167), the approximate pressure at the base of the upper mantle (see 
also Weertman, 1978). 


Further data on the plastic flow of oriented single-crystals of olivine, Fos, 


urther data on the plastic fl ne, Fos, 
deformed at 1 bar under uniaxial differential stress of 0:1 to 1°8kbar at 
temperatures between 1150 and 1650°C have been provided by Durham and 
Goetze (1977a). Their results show that the rate of plastic deformation of olivine, 
at low stresses and temperatures in the above range, approach a steady state, + 20 
duced i in n these experiments have been described by Durham et al. (1977), and the 
data show that dislocation density, dislocation curvature (minimum radius of 
curvature of dislocation loops) and sub-boundary spacing are closely related to 
the differential stress. In a subsequent report, Durham and Goetze (1977b) gave 


details of the deformation of pure forsterite in the temperature range 


1450- 1650°C at differential stresses between 80 and 600 bar, and showed that the 
difference in the creep properties Of Foio9 and Fos2 are smaii, forsterite being 
harder at comparable strain rates by approximately 14 per cent in stress. 
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Fig. 167. Map of mechanical behaviour of olivine (grain size 0-1 mm) using axes normalized shear 


stress, o /yu° (u° the shear moduius at atmospheric pressure and ambient temperature), and 
homogolous temperature 7/ Tuy (Ty the melting temperature) (after Ashby and Verrall, 1978). 
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The results of these studies have been utilized by Goetze (1978) to provide ex- 
perimental verification of the main features of the deformation diagrams of 
Ashby and Verrall, and lead to the following expressions to describe the flow of 


polycrystalline olivine as a function of temperature, strain rate and strain dif- 
ferential: 
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The stress leading to dislocation microstructures in olivines of mantle 
peridotites, based on studies of the dislocation curvature, dislocation density, 
sub-boundary size and recrystallized grain (neoblast) size, has been assessed by 
Nicolas (1978; see also Kirby and Wegner, 1979). Of these structures neoblast size 
is considered to provide the most reliable geopiezometer and leads to values in the 
range |lkbar and above for the sheared nodules in kimberlites, and of 
0:3-0°5 kbar for nodules in basalts. 


Constant strain-rate experiments on an essentially anhydrous synthetic dunite, 
at temneratures of 11N0—~12320N°C and 1Skhar eonfinino nreccure (Zeanch and 
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Green, 1979) showed that the dislocation substructure is very similar to that in 
naturally deformed olivines, with tilt boundaries in (100) predominating and tilt 
and twist boundaries in (001) and (010) also present. The relationships between 
dislocation densities and recrystallized grain sizes with stress were found to be in 
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Distinguishing Features 


Magnesium-rich olivine is distinguished from diopside by the better cleavage, 
oblique extinction, smaller optic axial angle, and lower birefringence of the 
pyroxene. Chondrodite has lower refractive indices and birefringence, and obli- 
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axial plane in humite and clinohumite is parallel with the cleavage, and mon- 
ticellite has lower refractive indices and birefringence. Fayalite is distinguished 
from epidote by the yellow-green pleochroism, larger optic axial angle and obli- 
que extinction of the latter. 


Paragenesis 


Igneous Rocks 


Ultrabasic rocks. Olivine is the major constituent of the common ultrabasic 


rocks, dunite and peridotite. In the latter, olivine is frequently associated with 
clino- and orthopyroxene and a chrome spinel, the assemblage characteristically 
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occurring in the areas of higher pressures ‘and shearing stress : of folded orogenic 
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regions (Bennington, 1956). Garnet-bearing peridotites are less common but oc- 
cur in intrusive masses, particularly in Precambrian basement areas (Mikhayiov 
and Rovsha, 1965). 

The formation of these ultrabasic rocks has variously been considered to result 


from the accumulation of early phases in the crystallization of basaltic liquids, 


analogous to the origin of the ferromagnesian-rich bands in layered intrusions, or 
more directly from an upper mantie layer either by partial meiting or mobiliza- 
tion of mantle material and its subsequent injection into the crust as a quasi-solid 


intrusion. 
Many ultramafic rocks, particularly those of alpine-type, appear to have been 
emplaced at relatively low temperatures. An example of such a mass is the 


peridotite of Cypress Island, Washington, United States (Raleigh, 1965). The 
peridotite is one of the ultramafic intrusions occurring in a broad belt that ex- 


tends along the west coast of North America from Alaska to southern California 
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with which far evamnle the T 
With Whiten, fOr exampie tne i win Sisters dunite described by Ragan (1963) and 


Onyeagocha (1978), it has marked affinities. The olivine, Foo;-Fog9, retains 
relict features of a primary layered and cumulate texture. Evidence of subsequent 
plastic flow is also demonstrated by the preferred [100] maxima orientation of the 
olivine crystals resulting either from rotation of the olivine grains, or syntectonic 


tallieat tha Aaf, RA Ffth h 
recrystallization in tne Ger orming mass. Many or tne characteristic features of the 


Cypress Island peridotite are also displayed by the partially serpentinized harz- 

burgite- dunite intrusion, Burro Mountain, California (Loney ef a/., 1971). 
Ultramafic masses that appear to have been intruded at high temperature have 

also been described and the peridotite of the Lizard, Cornwall, England, is so 


regardad hy Craan (1QKA\ Thea intrincian cancict ft 1 1 
regarded by Green (1964). The intrusion consists of a primary core and a finely 


foliated and recrystallized outer shell. Both parts of the intrusion contain olivine 
of compositon Fog», the same as that of the high-temperature peridotite of Tina- 
quillo, Venezuela (Mackenzie, 1960), and closely comparable with the olivines in 
the high-pressure peridotites of southwestern Oregon (Medaris, 1972). The 
mineral assemblage of the core, olivine, aluminous ortho- and clinopyroxene, 
spinel solid solution and a calcium-rich plagioclase, is considered to be the pro- 
duct of crystallization at high temperature and with high load pressure, in contrast 
to the marginal assemblage, olivine, less Al-rich pyroxenes, chromite and a more 
Na- rich plagioclase, that developed by recrystallization at a lower temperature 
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MegFeAl 2Cr 20 8 + CaMgSi 106 + 2MgsiO 33> 2Mg2SiO, + CaAl,Si 230 8 
spinel, diopside enstatite olivine anorthite oo 
+ FeCr20, 
chromite 
Mg,Al.Sis030 +Ca sMg.Al2Si9O30 = 2Mg2SiO, + 6MgSiO; + 3CaMgSi20c + 
Al-enstatite Al-diopside olivine enstatite diopside 
2CaAlI,Si2O3 
anorthite 


A comparable association of the high- “pressure Iherzolite of the Uenzaru 
peridotite, Hidaka province, Japan, that crystallized in the upper mantie and its 
derived low-pressure assemblage, has been described by Komatsu (1975). 

Green’s suggestion that the composition of the olivine of the Lizard peridotite 
marks the upper limit of magnesium for the orthosilicate derived by crystalliza- 
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tion froma basaltic magma is, however, not substantiated by the composition of 
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olivines of other intrusions the formation of which is considered to have resulted 
from the concentration of early crystal phases precipitated from liquids of basic 
composition. Thus in the dunites and harzburgites of Dun Mountain, Red Hills 
and Red Mountain, New Zealand, the olivine compositional range is given as 


Fa... -_ Fa hy Challic (1045S) and a ocraatear variatinn fram En... in the alivine 
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chromitite to Fog7.4 in the transitional peridotite of the region is recorded by Sin- 
ton (1977) (see also Mossman, 1973). 

A similar olivine compositional range is present in the dunites and peridotites 
of the Horoman and Miyamori ultrabasic intrusions, northern Japan (Onuki, 


1QK46\) with its af Ea tha diinita En tha naridntita na 
AFUA]s YVALI compositions oi i O92. 5 in wie aunite, avV90-6 in wie periaorite ana 


Fogs.9 in the plagioclase-bearing peridotite of Horoman, and a range of 
FOo92.4-FOg9.3 in the Miyamori mass. In the ultrabasic rocks, within a highly 
sheared Franciscan terrain, of the Burro Mountains, Santa Lucia Range, Califor- 
nia, the olivine, Fos,, shows almost no compositional variation, and the olivine in 
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(Church and Riccio, 1977). 

A remarkably uniform composition of the olivines, Fooo, both within and 
between the different bodies of the ultramafic masses in the southern Ap- 
palachians, has been noted by Misra and Keller (1978). This uniform pattern and 
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that the olivines have undergone recrystallization. 

Less magnesium-rich olivines are present in other ultrabasic rocks, and com- 
positions of Fogs in the dunite, and Fog, in the olivine pyroxenite, of the 
ultramafic bodies of the Emigrant Gap area, California, are reported by James 
(1071\ 

\iziiy). 

Other ultramafic bodies the olivine of which lies within the compositional 
range shown by the intrusions described earlier include the dunite of Sukinda, 
Orissa, India, Foo; (Mitra, 1973), the alpine-type Trinity pluton, Klamath Moun- 
tains, northwestern California, Fos94-Fog 9 (Lipman, 1964), Feather River, 
northern Sierra Nevada, California, Fo92- Foss (Ehrenberg, 1975), harzburgite, 
Fos,, dunite, Foo,.9, and chromitite, Fos3.4, of the Vulcan Peak alpine-type 
peridotite, southwestern Oregon (Himmelberg and Loney, 1973), Union Bay, 
central Alaska, dunite, Fo9;-Foo2 (Ruckmick and Noble, 1959), Gibbs Island, 
South Shetand Islands (De Wit ef a/., 1977), pyrope dunite, Fo9,.6- FOg9.6, Staré, 


Dahawin Diala anA Dadahen 1Q779\ Aninita Cn _FEa narinntita Ga _En 
poneniia (F laia and radera, iv//), Gunite, rO93-KrOg99, Periaotite, FrO93;- rg, 


and olivine pyroxenite, Fogs- F073 respectively (Ruckmick and Noble, 1959), the 
Duke Island peridotite, southeastern Alaska, Fogs;- F078, (Irvine, 1963; see also 
Taylor, 1967), and Fo93;- Foo, in the olivine of the olivine- chromite nodules in 
the olivinite and dunite of the Bar-Uryakh pluton, northwest Siberian platform 
(Lapin and Zhabin, 1965). 

Average compositions of between Fos. and Fogo for the olivines (26 analyses) 
in the peridotites of Alpe Arami, Lanzo, Baldissero, Balmuccia, and Finero, 
western Alps, are given by Ernst (1978). In the lherzolites of the Erro-Tobbio 
thrust sheet of the Voltri Group, western Liguria and the allochthonous eastern 
Ligurian masses, northern Italy, the olivine ail analyses) varies from Foo, to 
Fogs.3 (Ernst and Piccardo, 1979). A sulphide olivinite occurs in the ultrabasic 
Allarechensk pluton, Kola peninsula. In this intrusion olivine is enclosed by pyr- 
rhotite, pentlandite and chalcopyrite (Kornilov, 1964). 

It has been suggested that the olivines of ultramafic alpine-type intrusions that 
generally display a tectonite fabric, are more Mg-rich than those of dunites in 
which there is evidence of a cumulative origin. Although not invariably true an 
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example of this is provided by the Bay of Islands ophiolite sequence, New- 
foundiand (Maipas, 1978). Here the harzburgites forming the iower unit of the 
complex have a tectonic fabric, and are considered to have developed by the 


solid-state deformation of upper mantle material. The olivine composition ranges 


between Fooo.s and Fo9:.5 compared with Fooo.s- Fog3.4 in the dunites of the up- 


per unit. The latter have a cumulative fabric, and their formation from a liquid is 
demonstrated by their occurrence as veins and dykes injected into the harz- 
burgites. 

The garnet-bearing and garnet-free peridotites have overlapping compositions 


. 
emblage sarnet—_nlivinea_nuravene of the farmer in accar- 
and the mineral assemoiage, Bat net— O1vine— pyroxene, Or the rormer, in accor- 


dance with experimental data, is generally considered to have originated in a 
high-pressure regime as indicated by the reaction: 


2(Mg,Fe)SiO; +Ca(Mg,Fe)Si20¢6 + (MgFe)(Al,Cr)20, > 


orthopyroxene diopside spinel 
(Mg, Fe)2Ca(Al,Cr)2Si3012+ (Mg,Fe)2SiO. 
pyrope garnet olivine 


In their review of garnet peridotites from different tectonic environments, 


, (1042), fo nd that th at fth 1 t tad 
O’ Hara and Mercy (19635) found tnat tne composition of the olivine was restricted 


to the range Fo95.6-F0g4.6. More recent accounts of these rocks, however, have 
shown that olivines with higher fayalitic contents also occur, e.g. in the garnet 
peridotite, Tafjord, southern Norway (Carswell, 1968), the olivine is as iron-rich 
as Fog,.4 (Table 4, anal.16). Shervais (1979) has reported olivines varying in com- 
position between Foo0. 3 and Fog,.9 in the spinel lherzolite massif, Balmuccia, 
northwest Italy. 

Although alteration is a common feature of kimberlite olivines, sufficient 
unaltered material is generally present to conclude that Foos- Foss is the usual 
compositional range. In many kimberlites olivine is present both as phenocrysts 
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and as a gi roundmass constituent (Lee and Lawrence, L7UO0>*> ANGrews and 
Emeleus, 1971; Mitchell, 1973). Data for two South African (Wesselton and Ison 
Creek) kimberlites presented by Mitchell show only a small difference in the 
forsterite content of the two olivine generations, i.e. Fog4- FO9; and Foo; - Fogg. 
for the phenocrystal and groundmass olivines respectively. In the olivines of these 
kimberlites, however, there is a marked contrast in their content of nickel, which 
remains relatively constant in the phenocrysts whereas in the groundmass olivine 
nickel varies sympathetically with the forsterite component. This feature is also 
well displayed by the zoned olivines in the groundmass, e.g. 89°5-88°9 Mg,SiO, 
and 0. 36- 0.12 Ni,SiO, in the core and rim respectively. ‘The olivine (Table 5, 

anal.2) in the diamond-bearing kimberlite diatreme, Prairie Creek, Arkansas 
(Gogineni et a/., 1978), shows a compositional range, Fo92- FoOso. 

Less magnesium-rich olivines are reported for some localities in eastern North 
America, e.g. Fogs in the kimberlite of Bachelor Lake, Quebec (Watson, 1955). 
In the majority of kimberlites, however, the composition of the olivine is more 
magnesian. Thus the olivine composition given in Smirnov’s (1959) review of the 
mineralogy of the Siberian kimberlites is Foo,, essentially the same as the olivines 
of many of the kimberlites of South Africa. 

In the olivine melilitite associated with kimberlite breccia of the 


Bargydamalakh pipe, Anabar, USSR (Ukhanov, 1965), olivine, & Foo, occur rs i 


the assemblage, melilite, phlogopite, nepheline, perovskite, olivine, ana wi 
monticellite in the ataxitic segregations within the melilite. 
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Magnesium-rich olivine is not an uncommon constituent of carbonatites and 
other rocks, e.g. aindite and damkjernite, related to kimberlites. Forsterite (Tabie 
5, anal. 3) is present in olivine- magnetite- pyrochlore- calcite rock in the Oka 


complex, Quebec (Gold, 1966), and occurs as phenocrysts in alndite, as well as 
the kimherlite duvkec at Alnn Sweden (Rekermann 1074) Moreiran-rich olivine 
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is present in the s@vite dykes at Alno (Eckermann, 1974) in which it occurs in 
graphic intergrowths with calcite. The intergrowths consist of physically and op- 
tically single homogeneous crystals of olivine and calcite, and the symplectitic 
texture is considered to have resulted from the dedolomitization of earlier crystals 


of ankeritic and dolomitic c carbonates. The ontical properties and density of the 
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olivine show a gradual change from the margin to the centre of the dyke, and the 
composition detailed in Tabie 5, anal. 4, is the average of analyses of three 
specimens taken at right angles to the strike of the dyke. 

In the uncompahgrite of Rangwa, Kenya, the composition of the olivine is 


Foge. The mineral is poikilitically enclosed by melilite, and is commonly sur- 


rounded by a reaction rim consisting of an inner zone of monticellite and an outer 
zone of a diopside, biotite, opaque oxide intergrowth (Le Bas, 1977). 

The presence of four distinct olivine populations in melilitite pipes associated 
with kimberlite, Namaqualand, South Africa, have been described by Moore and 


Erlank (1979). The main group occurs as euhedral and sometimes skeletal grains 


similar to the ‘hopper’ crystals of Donaldson (1976); these olivines enclose 
silicate, carbonate and fluid inclusions (see p. 192). The main parts of the crystais 
show a progressive outward enrichment in iron that is associated with a greatly 
decreasing amount of nickel. This trend is reversed marginally with respect to 


. 
Mge/Fe and is accompanied by a marked enrichment in calcium (up to 1'0 per cent 


CaO compared with between 0:2 and 0:3 per cent in the more central area). Other 
individuals of this group may display an abnormai zonal pattern in which the 
margins commonly show a narrow outer zone of nickel enrichment and a 
peripheral rind of nickel depletion. A second population, consisting of anhedral 
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ment of glassy blebs that are indicative of partial melting. The crystals of this 
group are zoned with iron and manganese (up to 1.0% MnO) increasing towards 
the margines except, as with the ‘hopper’ crystals, for a peripheral enrichment in 
magnesium. The third population also consists of zoned crystals, Fo92- Fo7s; 


th dedhk t ‘ ‘ : 
these are surrounded by a narrow outer rim with a mosaic texture and are con- 


sidered to be the result of incipient recrystallization. The fourth group consists of 
strained anhedral grains, Fos, showing undulose extinction but no evidence of in- 
cipient melting. The origin of the olivine populations and their unusual zonation 
patterns are discussed by Moore and Erlank with reference to the loss of volatiles 
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that involved changes in the oxygen fugacity, the CO}/(CO}” + CO.) molar 
ratio, and the Fe- Mg distribution coefficient for olivine and liquid. 


Nodules in basalts and kimberlites. The presence of olivine-rich ultramafic 


. : one . . . 
nadnilec varvina in camnacitinn fram diunite ton Tharzoalite and < 
NOGUCS, Varying i COMIPOCSIMION ifOM Gumite tO aerZOure and dunite to harz- 


burgite, is a common feature of alkalic and alkaline basalts. Nodules with a 
similar range in composition are also a characteristic feature of kimberlites. Some 
of the earlier accounts of the nodules in basalt were listed by Schadler (1914), and 
many more recent references have been given by Ross et al. (1954) and White 


(1966); the latter authors also discussed the possible origins of the nodules. Addi- 


tional occurrences have been reported by Forbes and Kuno (1965, 1967) who in 
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particular considered the regional distribution and composition of the basaltic 
host rocks as well as the mineralogy of the inclusions. Since the contributions of 
Forbes and Kuno a large number of further occurrences have been described, and 


there is general agreement that many nodules are derived from an upper mantle 
enurce (cae alen Wilchire and Rinne 10841- Kiinn 10K4Q0° Kiuinn and Anki_ 1977: 


SOUree (SCO aisO, Whose aliG ONS, 1704, NUNS, 2707, RULIY GH CAUNI, AZivy 
Jackson and Wright, 1970; Harris et a/., 1972; Ahrens et al., 1975). 

The nodules are of two types consisting of olivine-orthopyroxene-clino- 
pyroxene-spinel and olivine- orthopyroxene- clinopyroxene - garnet assemblages, 
and from experimental data (e.g. Ringwood, 1969) are thought to have originated 


at different leavele in m = 
at different levels in the upper mantle, the spinel-bearing assemblages at 


shallower and the garnet-bearing assemblages at deeper levels. 

The olivines of the nodules in individual lavas are usuaily relatively 
homogeneous in composition, + 3 mol. per cent of the end-member components, 
both within individual grains, and from grain to grain. When zoned the crystal 
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margins are generally, but not invariably, more iron-rich than the cores. Com- 


pared with the olivine phenocrysts of the host basalts those of the nodules are 
commonly less Fe- Ca- and Mn-rich and more Mg- and Ni-rich. This feature is 
well illustrated by the ultramafic xenoliths in the basalts of the Kerguelen ar- 
chipelago (Talbot et a/., 1963) in which the ferrous iron contents of the nodules 
and phenocrysts are respectively 8 °15-18°0 and 18°8-27°4 wt. per cent FeO. 

The petrogenetic history of the nodules is generally complex, and varying 
estimates of the equilibration pressure and temperature of the assemblages have 
been presented. The lherzolite nodules in the ankaramite at Calton Hill, England, 
containing between 60 and 80 vol. per cent olivine with compositions (Table 6, 
anal. 8) varying from Fo9,.3 to Fooo.7, are estimated by Donaldson (1978a) to 
have been derived from a source at 15 + 3 kbar and 950 + 50°C. There is textural 
evidence of deformation and recrystallization as shown by the presence of 
translation lamellae and polygonatization and, as it is unlikely that the deforma- 
tion occurred subsequently to the incorporation of the nodules in the magma, the 


aha ad at tha The ols af tha al ttha 
metamor phism pr obably occurred at the source. The olivine of the nodules at the 


contact with the basalt is surrounded by a narrow 30-50 mum rim, that is 
somewhat richer in the fayalite component than the olivine remote from the con- 
tact. A number of olivine megacrysts (Fog7.s) are also present and have probably 
originated by detachment from the nodules and reaction with the basic liquid. 


q Tih hit asl kh ltin tuff af the Calbirl a V. 
Spinel lherzolite nodules in basaltic tuff of the Selkirk cinder cone, x ukon, and 


in basalts at Castle Rock, Nicola Lake and Jacques Lake, British Columbia, have 
been described respectively by Sinclair et a/. (1978) and Littlejohn and Green- 
wood (1974). The olivine compositions at these localities are all in the range 
Foso- Fos. Calculations from the partitioning of Mg and Fe**, using Evans and 
Frost’s (1975) empirically calibrated method, indicate an equilibration 
temperature of about 850°C, whereas temperatures of 1170 and 1160°C are 
derived from the use of exchange reactions involving olivine, spinel and pyroxene 
(Mori, 1977; see also Greene and Butler, 1979). 

Equilibration temperature and pressure of between 1200 and 1250°C and 10 to 
13 kbar, based on the composition of the associated clinopyroxene, for the 
Olivine, Fogo.2- FOgs.9, in the spinel-bearing lherzolite xenoliths in the Fen alkali 
complex, Norway, are given by Griffin (1973). 

Ultrabasic nodules are abundant in both the olivine nephelinites and alkali 
olivine basalts of the Auckland province, New Zealand (Black and Brothers, 
1965; Rodgers and Brothers, 1969), in which the olivine of the dunite and Iher- 
zolite are FOoo.5 and FoOgs.7 respectively. The olivine megacrysts (Table 6, 
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anal. 12) in the analcite-bearing alkali basalt, Fife, Scotland, are Fooo in com- 
position (Chapman, 1976). 

Spinel lherzolite nodules in nephelinic tuff, Dreiser Weiher, West Germany, 
have been described by Frechen (1963) and Maalge and Printzlau (1979). Some 
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of glass and microcrystalline olivine, diopside and spinel, and are considered by 
Maal@e and Printzlau to have formed by crystallization of a partial melt. The 
composition of the olivine in the blebs is more magnesium-rich, Foo9o9.0-F0o0o.s, 


than the olivine, Fos?. 2- Foss. 3, in the main part of the lherzolite nodule. 
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from the lherzolite nodules in an analcitite flow, Spring Mount, New South 
Wales, and the range in composition of such olivines, and of the lherzolite 
nodules themselves, from different areas, is attributed by Wilkinson and Binns 
(1977) to significant inhomogeneity within the upper mantle (see also Hutchison 
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nodules in the Spring Mount analcitite. A narrow, 1-2mm, corona of granular 
olivine around the orthopyroxene of the xenoliths is also present. The grain size 
of the olivine of the corona increases outwards and these features may have 
resulted from the disequilibrium of the two phases at lower pressures. 
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lavas of Anjouan, Comores archipelago, western Indian Ocean, have been 
reported by Ludden (1977), the olivines of the lherzolite, chromite wehrlite and 
gabbro suites respectively falling within the ranges Foo9:.1-FOs9.s, FOs7-Fos3 
and Fo7, - Foes. A mantle origin for the lherzolite nodules by the melting of man- 
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one or more fractionation events either by partial melting or fractional 
crystallization. 

Lherzolite nodules have also been reported in a number of hypabyssal rocks, 


e. 8. alkali olivine basalt dykes in the Sunnhordland region, western Norway 
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Seiland igneous province (Robins, 1972). 

Olivines of the lherzolite nodules and olivine xenocrysts in the Tertiary alkali 
olivine basalt and basanite plug in central Rio Grande do Norte and northern 
Paraiba, Brazil (Sial, 1977), are mainly i in the compositional range Fo92- FOs0, 


although a small number are as iron-rich as F073. The xenocrystal olivine displays 
kink bands and deformation lamellae and is more magnesium-rich than the 
phenocrysts in the host basalt. There is also some marginal enrichment in iron 


due to reaction of the xenocryst with the basaltic liquid, and reaction rims of 
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olivine around orthopyroxene xenocrysts also occur. 
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Ai olivine or tne Bal Ait aliu wai SAV UTLIUO pel IUVLIALG LIVUUILDS LIL LEU Lashaine 
volcano, Tanzania (Reid eft al., 1975a) show a restricted compositional range, 
F093.5— F0o9;.2, are less iron-rich than the olivines in the spinel peridotite nodules, 
and resemble the olivine of the lherzolite nodules in kimberlites. The olivine in the 


garnet- bearing lherzolite nodules from the Lashaine volcano have also been 
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studied b OY Dawson ei at. (1970) who gavet LIe PAM Ul CUMMPUSIUUIL, F091 - F090 in 
the garnet lherzolite and Fog. for the olivine of the spinel lherzolite nodules. 

The presence of spinel lherzolite nodules is rare in rocks of tholeiitic affinities. 
They have, however, been described (Sutherland, 1974) in an olivine tholeiite of 
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the Tasmanian Tertiary volcanic province. The nodules are associated with 


xenocr ysts of olivine, FOgo9, or tho- and clinopyr VACIIE, and plagioclase, and cofri- 
sist predominantly of granular olivine, Fooo, together with smaller amounts of 
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Al-rich ortho- and clinopyroxene, and a (Cr,Al)-spinel. The xenoliths closely 
resemble the lherzolite nodules common in rocks of the alkali basalt series, and 
provide direct evidence of the upper mantle origin at least of some tholeiitic 
magmas. The occurrence of olivine-bearing nodules has been reported also in a 
phonolite flow associated with the Tertiary Dunedin volcanic complex, New 
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Zealand. The composition of the olivine is > Foso (Wright, 1966). 

Although spinel lherzolite and garnet therzolite nodules both occur commonly 
in alkali basalts and in kimberlites, only one example has been described with an 
assemblage consisting of olivine-spinel- garnet - orthopyroxene- clinopyroxene. 
These nodules in a kimberlite, New South Wales, represent an association that 
equilibrated on the quasi-univariant boundary between the spinel lherzolite and 
garnet iherzolite stability fields (Fig. 168). The equiiibrium temperature and 
pressure of the assemblage, 1240 + 20°C and 22 + 1:0 kbar, are based on the 
temperature dependence of the diopside limb of the pyroxene solvus, and the 
solubility of alumina exnressed by the equilibrium constant for the reaction 
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clinopyroxene + spinel = aluminous orthopyroxene + olivine (Ferguson et al., 


1977). 
Four different groups of olivine megacrysts are present in the kimberlite sills at 


Benfontein, South Africa. Two groups, one showing perfect morphology, the 


other consistino of rounded coamnosite cranules of inequigranular idiqmarnhic 
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crystals, have core compositions in the range Fo 93~Fogs and are considered to 
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Fig. 168. Diagram iiiusirating P- 7 fields of minerai assembiages in pyroiite-I1I composition (Green 
and Ringwood, 1967c). A, plagioclase lherzolite; B, spinel lherzolite; C, aluminous pyroxene lher- 
zolite; D, garnet therzoiite. Fiiied circie, P- 7 piot of spinei- garnet iherzoiite noduie in kimberiite 
(after Ferguson et al., 1977). 
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represent phenocrysts and cognate xenoliths. The other two groups consist of in- 
dividual xenomorphic olivines showing all gradations of rounding, and of round- 
ed aggregates of xenomorphic granular and xenomorphic inequigranular crystals. 
The compositional range, Fo99-Fo0gs7, is somewhat smaller than that of the first 
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picroilmenite inclusions that are a characteristic feature of the phenocrysta] and 
cognate olivines (Dawson and Hawthorne, 1973). 
Olivine compositions in the ultramafic nodules of the kimberlites of Lesotho 


and the Monastery Mine, South Africa, have been shown to be related to the 
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varieties of lherzolite nodules, the average composition of the olivine is Fog; in 
those possessing a granular texture, and Fogo.5 in the lherzolite nodules which 
show a marked degree of deformation and recrystallization. The olivine composi- 
tions, average Fog..7, in the dunite nodules are among the more iron-rich or- 
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sidered by Boyd and Nixon to be of cumulate rather than of residual origin. The 
olivine of the discrete nodules and olivine megacrysts are also distinctly iron-rich, 
Fog3.4 (Table 6, anal. 17). Estimates of the temperature and depth, based on the 
method of Wood and Banno (1973), suggest that the lherzolite nodules originated 
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aL MYVpPlily VUVLVVYUNEL LV GALLIUM oaVYV Alli (ue AloV BAW LUALVEL GLI ANIMEIV Y 5 aJZ7t FVUi- BAIN LGU 


investigation by Boyd and Nixon (1978) has shown that olivines of similar com- 
positions (Fig. 169) are also present in the garnet peridotite and dunite nodules 
from the Bultfontein and Kamfersdam kimberlite pipes. 

Spheroids, consisting mainly of a single grain of olivine enclosed in a fine- 
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grainea matrix Of Caroonates, serpentine, (Mg,Al,Cr)- Spinet:, Perovsnite, apatite 
and limonite in a kimberlitic ‘conglomerate’ from the Igwisi Hills, Tanzania, 
have been described by Reid ef al. (1975b). The olivines, ranging in composition 
between Foo and Fooo, (Table 6, anal. 7), are rounded and partially recrystalliz- 
ed to more iron- rich and nickel- -poor subhedral to euhedral grains and may be 
par tially or completely rimmed by pei rovskite and a (Mg,Al)-spinel. Inclusions of 
chromian pyrope, a low Al-enstatite, diopside and a highly Mg-rich phlogopite 
are present in the olivine and are presumed to be preserved upper mantle material 
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Fig. 169. 100 Mg/(Mg + Fe) for olivines in peridotites from Bultfontein floors and three sheared 
dunites from Kampfersdam (after Boyd and Nixon, 1978). 
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that was brought to the surface in a gas-charged carbonate-rich fluid. 

Noduies of dunite myionite in the dykes and thin sheets of kimberlite in the 
Precambrian basement at Pyramidefjeld between Holsteinsborg and Ivigtut, 
west Greenland, have been reported by Emeleus and Andrews (1975). The crystal 


boundaries are fragmented, and the larger strained grains are surrounded by a 
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fine granular mosaic of recrystallized olivine which has an anomalously high con- 
tent of the fayalite component (Table 6, anal. 21). 

In addition to the ultramafic nodules of upper mantle origin other xenoliths 
found in alkali basalts have undoubtedly been derived from a crustal source. 


Coarse-grained angular blocks, consisting of olivine, olivine—clinonvroxene. and 
opyroxene, and 
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olivine- -clinopyroxene- plagioclase assemblages, showing typical adcumulus tex- 
tures in ail respects similar to those of layered intrusions, have been described by 
Baker (1966) from the ankaramitic basalt of Faial, Azores. The olivine 
phenocrysts of the basalt have a composition of @ Fog, whereas the olivine in the 


assemblages of the blocks becomes increasingly richer in iron as the xenoliths 


display a progressively more gabbroic aspect, i.e. from Fooo9.o-Fog7.5 in the 
dunitic to Fogs—Fos; in the olivine-clinopyroxene- plagioclase association. 
Xenoliths of basic plutonic aspect and containing olivine varying in composition 
from F079 to Fog; in the Soufriére volcano, St Vincent, have been reported by 


Lewis (1973) (see also Baxter, 1978, on olivine in nodules from Mauritius lavas). 
The olivine nodules in the basalt of Yubdo/Birbir, west Ethiopia, are also con- 
sidered to represent crustal material derived from an underlying dunite intrusion 
(Augustithis, 1965a, b). The composition of the olivine, ® Fogo, is almost iden- 
tical with that of the dunite, and further evidence of their local origin is provided 


ahacc rack and tha 
by the presence of chromite and sperrylite in both the ultrabasic rock and the 


basalt. Highly magnesian olivines, Fooo.4-FoOgs.7, in ultrabasic xenoliths of 
cumuiate origin in aikali basaits of the Massif Central, France, have been describ- 


ed by Berger (1978). 
Inclusions of gabbro and of olivine megacrysts, in both of which the olivine 
composition varies between Fo3o and Fo72, occur in the alkalic basalts of the 


Black Range, New Mexico (Fodor, 1978). In some of the lavas the olivine 
megacrysts are less iron-rich in composition at the margins, probably due to re- 
equilibration with the basalt host, the groundmass olivine of which is Fogo. In the 
gabbro xenoliths fine-grained intergrowths of olivine, more iron-rich than the 


primary olivine, and alkali feldspar surround the orthopyroxene (see also 


Wilshire and Binns, 1961; White, 1966; Kutolin and Frolova, 1970; Becker, 
A second group of xenoliths consisting of a suite of alkalic pyroxene nodules, 
as well as mantle-derived ultramafic xenoliths have been described from the 


ankaramitic senria and carhonatitic tuffe of the I achaine valeann narthern Tan-_ 
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zania (Dawson and Smith, 1973). The olivines, which are associated with 
clinopyroxene, spinel, amphibole and/or phlogopite, are more iron-rich than 
those of the mantle-derived nodules and range in composition from Fo79 to Fo72. 

Cognate cumulate xenoliths are common in the lavas and tuffs of the Agrigan 


volcano in the northern Mariana island arc (Stern, 1979). The olivines of the 


xenoliths range from Fog; to Fo74, and have a relatively low content of nickel (< 
0-08 wt. % NiO), indicative of their derivation from a fractionated liquid rather 
than from a primitive mantle melt. Evidence of their formation at a relatively 
high crustal level is also shown by the content of calcium (0:22-0:31 wt. % CaO), 


and the adcumulate and crescumulate textures displayed by the olivines. 


In the cumulate nodules in the rocks of the basalt-basaltic andesite-an- 
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desite-dacite centres of the Lesser Antilles island arc the composition of the 
olivine varies from Fogg to Foes. On the assumption that the olivine and 
associated clinopyroxene, basic plagioclase and magnetite is an equilibrium 
assemblage, Powell (1978b) has evaluated the pressure of equilibration for the 
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and shown that there was an apparent decrease in the pressure of crystallization 
ong the arc from north to south (for the calculation and thermodynamic data 
Da 
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Blocks of dunite, peridotite, feldspathic peridotite and allivalite, with olivine 
ranging in composition from Fogg to Fogs, and considered to be derived by the 
disintegration of layered ultrabasic rocks genetically related to the ultrabasic 


dykes in which they occur have been described from Skye, Scotland (Gibb, 1969). 


The incluicitonc inh if athin th t Orand Can n deccrih 
ane inciusiOns in OaSanite Within tne western UranG Canyon described by Best 


(1975) may also represent original cumulate material the olivines of which show 
extensive resorption due to reaction with an interstitial hydrous melt that led first 
to the formation of orthopyroxene and later to the crystallization of an am- 
phibole. 


a 
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taristics and references to the literature are given by Harte (1978). Other recent in- 
vestigations are reported in the Proceedings of the Second International 


Kimberlite Conference, The Mantle Sample, edited by Boyd and Meyer (1979). 
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t ge 0 
mon constituents in the members of y. More iron-rich olivines 
occur in basic rocks but in general are restricted to the ferrodiorites and 
mangerites in which olivines of ferrohortonolitic and fayalitic compositions may 
be present. Some of the most magnesium- and iron-rich olivines are present in the 


highly differentiated layered intrusions. 


In the basal series of the eastern part of the Bushveld complex the olivines 
show little cryptic variation and are limited to compositions between Foss and 
Foss (Cameron, 1978). Olivine is not present in the critical and middle zones but 
reappears in the lower part of the upper zone of the complex at the composition 


Cc With: 1 haight in the lavered ‘ wi i 
rOag. With Increasing neignt in tne sayerea series the olivine becomes progressive- 


ly more iron-rich and is essentially pure fayalite at the top of the upper zone 
(Atkins, 1969). Hortonolite is present in some of the mafic pegmatites of the 
complex (Cameron and Desborough, 1964), for example in the hortonolite dunite 
core of the Onverwacht platinum-bearing pipe. Ferrohortonolite, Fo22, is present 


1 oh + qd id dt Lh ea oar 
as inclusions in chromite and is considered to have originated through the 


replacement of magnesium-rich ultramafic rocks by the action of high- 
temperature fluids at relatively high pressure. 

As in the Bushveld complex, a wide compositional range is present in the 
Skaergaard layered intrusion, east Greenland. The most magnesium-rich olivine, 
Fogo, occurs in the picrite of the northern border group and represents an early 
phase that crystallized from the undifferentiated magma. In the chilled marginal 
gabbro the olivine shows a small degree of reversed zoning from Fos5.; to Foss.3 
due to supercooling. Zoning has not been detected in other members of the 
marginal border r group or in the cumulus olivines of the main layered series (Nwe, 


107 thaln 
l 9 76; N we and Copley, 1 Ji 5). In tne 10Wér zone of the! 1ayei reds Ser ies thec composi- 


tion of the olivine shows an essentially progressive iron enrichment from Fog, to 
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Fos. (Table 7, anal.10) when the crystallization of cumulus olivine terminated, 
and the middle zone consists of plagioclase- pyroxene orthocumulates. Olivine is, 
however, present in this zone as reaction rims (Table 7, anal.13) between 
magnetite and pyroxene, and is considered by Nwe (1976) to have formed by solid 
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1939) by crystallization from the intercumulus liquid. The composition of the 
olivine of the reaction rims changes from @ Fos; in the lowest cumulates of the 
middle zone to > Fo3¢ at the top of the zone. Similar olivine reaction rims are also 
present in the upper zone, marked by the reappearance of cumulus olivine Fo35 


(Table 7, anal 14) and are of essentially the same compositions as the associated 
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primary ‘olivines. The cumulates of the upper zone contain progressively more 
iron-rich olivines (Table 7, anals. 17,19) which at the top of the zone have the 
composition Foo.1s. These olivines are relatively rich in manganese with a max- 
imum content of 1.61 wt. per cent MnO. 
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stratiform lopolith of Bjerkrem- Sogndal, Norway (Duchesne, 1972). Olivine of 
composition Fo;, is rare in the lower part of the complex but becomes an impor- 
tant constituent of the monzonites (see Table 7, anal.16) and mangerites and 
reaches a composition of Fog. in the quartz mangerite. Fayalite is also reported as 


a eanctituant of the mangaerite intriciane af Gierctad Narwavu (Touret 1047) 
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and Raftsund, Lofoten- Vesteralen, north Norway (Griffin et a/., 1974; see Table 
7, anals. 18, 20). In the Hopen mangerite-charnockite intrusion, Lofoten (Or- 
maasen, 1977), fayalite and quartz that is estimated to have crystallized in 
equilibrium at about 1000°C and 12 kbar pressure, later reacted with nearly 
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Mno.o04- 0-07 M&o-01Cao.o1SiO3) at approximately 800 °C and 10 kbar pressure. 
In the layered gabbro of Pleasant Bay, Maine (Bickford, 1963), olivine, Fo¢,.7, 
occurs in the lower gabbros, and fayalite, Fog.2, in the upper ferrogabbros. The 
olivine in the layered leucotroctolite that forms the major part of the Michikamau 
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Fos, to Fos, in composition. It is absent in the overlying anorthosite and 
leucogabbro horizons but fayalitic olivine, associated with ferroaugite, sodian 
andesine, alkali feldspar and quartz, is present in the iron-rich end products of 
the fractionation at the top of the layered series. Ferrohortonolite, Fo29, is a con- 
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West Africa (Simpson, 1954), and Fo22 in the ferrodiorite, Marsco, Skye (Wager 
and Vincent, 1962). 

In some layered intrusions, however, the olivines display little cryptic varia- 
tion. In the eastern part of the layered rocks of the Rhum complex (Brown, 1956) 
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rocks in the 1200 m thick series the composition is Foss (Table 7, anal. 1). There is 
a comparable compositional range, Fogs~- Fogo, in the olivines of the cumulates in 
the western part of the complex (Wadsworth, 1961). In contrast to the relatively 
small compositional range of the olivines of the main units of the layered 
ultrabasic mass, those of the dyke-like masses of peridotite along the eastern part 
of the northern margin have compositions between Fo 94 and Fo¢y due to variable 
degrees of overgrowth on the early crystals from the pore liquid (Dunham, 1965). 
The compositions of the olivines, Fooo~Fogs, of the dunite-peri- 
dotite-allivalite cumulates of the funnel-shaped intrusion of the western Cuillin, 
Skye, also show a limited range. The olivines of the olivine- plagioclase- pyrox- 


ene cumulates emplaced subsequently, however, display a greater degree of cryp- 
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tic variation, from Fo77 to Fos7 (Hutchison and Bevan, 1977). The layered intru- 
sion of the Bay of Islands, Newfoundland (Smith, 1958), is another complex in 
which there is an absence of variation in the composition of the olivine, Foo2. 
More magnesium- rich olivine and a greater variation, Fo9s— Fogo, is shown by the 


RA + (ur 1agn 
olivines in the ultramafic zones of the Stillwater complex, Montana (Hess, 1960; 


Jackson, 1961), and Foos- Foss in the Great Dyke, Rhodesia (Worst, 1958). In 
the former intrusion olivine is absent in the overlying norite and lower gabbros of 
the anorthosite zones, but occurs again with composition Fo77 in some of the 
units of the anorthosite zone. 

Other |! 1ayer ed intrusions in which olivine is restricted to magnesium-rich com- 
positions include those of Kapalagulu, western Tanzania (Wadsworth, 1963), 
with olivine Fogs in the basal and Fog. in the intermediate zone, the Thessaloniki 
gabbros, Greece (Sapountzis, 1979), with olivine Fos;.;- FO,;.5, the Porttivaara 
gabbro, Finland (Plirainen et al., 1977), olivine Fo7s. o- Foss. “Ss and the 
Guadalupe igneous complex, Sierra Nevada, California (Best, 1963). In this in- 
trusion cumulus olivine, showing a somewhat small variation Fog2-Fo79, is 
limited to the lower gabbroic horizons, although the more highly differential 
leucogranophyres of the complex have a relatively high iron/magnesium ratio. A 
limited range is also shown by the olivines, Foes.s-Foss.¢ of the Blackstone, 
Western Australia, and Foe4-Foo6o.5 of the Jameson R nange gabbros i in the Giles 
complex of Central Australia (Daniels, 1974), and Fogs— Fog; in the layered gab- 
bro of the Nuanetsi igneous province, Zimbabwe (Cox et al., 1965). 

A limited variation in composition is also displayed by the olivines of the lower 
layered series of the Kap Edvard Holm complex, east Greenland (Abbott and 
Deer, 1972). The most magnesium-rich olivine in the lowest rocks of the intrusion 
has the composition Fo77. The cumulus olivine of the succeeding 2000 m shows a 
gradual enrichment in iron to Fo.7. At this height in the series the trend begins to 
be reversed and olivine, Fo7o, is present in the highest exposed horizon. A com- 
parable reversal at the same height, from lower to higher temperature solid solu- 


tions, is also shown b oy the associated cumulus plagioclase and clinopyr UACHIC, and 
is probably associated with the influx of fresh undifferentiated liquid into the 


magma chamber. 
Well developed crescumulate growth of olivine in the gabbro, Seiland, 
northern Norway, has been described by Robins (1972). The olivine, Fos -Fo7:, 


Ln ne nan + ate cen al fas 


occurs in two different habits, as individual Malls, and in a dendritic form, 
sometimes in units extending for up to 1 m from the base of the layer, with a cen- 
tral stem and upward inclined branches. The development of this habit is con- 
sidered to result from the rapid upward growth of the olivine along strong con- 


centration gradients in a stationary magma and it was preserved due to the con- 
temporaneous deposition of plagioclase and clinopyroxene in the interstices be- 
tween the dendritic olivine. 

Although less common in gabbroic rocks olivine is present in some norites, e.g. 
southeastern Maine and southwestern New Brunswick norites in which the olivine 
nas a composition F067- Foes (Amos, 1963). In the Haddo House norites of 

berdeenshire the olivine is more magnesium rich, Fo713- F079 (Gribbie, 1967). 

” Two compositional ranges occur in the olivines of the gabbros and dolerites of 
the root zone of the Tertiary central volcanic complex, Slieve Guillion, northeast 
Ireland. These consist of a highly magnesium-rich group, Foo,-Fog., that occur 
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as euhedral phenocrysts containing inclusions of chromian spinel, and Showing 


marginal reaction and embayment, and a more iron-rich group, F075- FOs6, the 
textural relationships of which indicate overlapping crystallization with 
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plagioclase. The composition of the liquid, 100 Mg/(Mg + Fe’*) > 70, in 
equilibrium with the magnesium-rich phenocrysts, caicuiated from Roeder and 
Emslie’s (1970) data, is considerably more magnesian than the estimated com- 
position, = 50, of the gabbro and dolerite liquids, and implies that the embayed 


and corroded crystals are xenocrysts that are not in equilibrium with the host 
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rocks (Gamble, 1979). 


Alkaline and acid rocks. I[ron-rich olivine occurs in both alkaline and acid 
plutonic and hypabyssal rocks, and is a relatively common constituent of quartz 


syenites i in which it is usually associated with hedenbergite and arfvedsonitic am- 
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phiboles. The olivines in the syeno-gabbroic rocks of the dyke swarm in the 
Tugtutog-Skovfjord area, south Greenland (Upton, 1964) generally range in 
composition between Fos and Fo3.6, but fayalite has been reported also in the 


nepheline syenite of the Hviddal composite dyke. Similarly occurrences of 


favalite Fon,—~Fo, in the Reveauind and Saérvik granite and in the cvenite of the 
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western parts of the Ragunda massif, central Sweden, have been described by 
Persson (1978) and Kornfalt (1976) respectively. 
In the outer augite syenite of the Ilimaussaq intrusion, south Greenland 


(Larsen, 1976), the composition of the olivine varies from Fo;7.3 to Fo4.o (Table 
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the complex the olivines are very iron-rich (Fig. 170), and in the naujaite have the 
composition F0o.2Fa95.9Tp3.9Lao.9 (anal. 9) and, except in very narrow borders 
with lower magnesium and calcium and higher manganese, are unzoned. These 
border zones are also present in resorbed grains and are not considered to be the 
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tent of the olivines varies between 0°5 and 1:1 wt. per cent CaO (see also Stephen- 
son, 1974). 

A comparable range in the composition of the olivines occurs in the saturated 
and oversaturated thick sheet-like body of ferroaugite syenite of the Coldwell 
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Fig. 170. Compositional trend for Ilimaussaq olivines (A) compared with trends of the South Qorog 
centre, (B) (Stephenson, 1974) and the Skaergaard intrusion (C) (Deer and Wager, 1939) (after 
Larsen, 1976). 
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alkaline complex, Ontario, Canada (Mitchell and Platt, 1978). The earliest form- 
ed olivine has a composition of Fo. that is followed in the iater olivines by a pro- 
gressive enrichment in iron to a maximum of 93 per cent fayalite in the upper part 


of the sheet. The minerals have moderately high contents of manganese 
(1-80_%9-AQ wt % MnO) cimilar to the olivines of the Ilimanscan intrusion 


(1:89-2°48 wt. % MnO) similar to the olivines of the [limaussag intrusion. 
Cumulus, iron-rich olivines, ranging in composition from F025.2Fa7;.3TesLao. 5 
in the augite syenites, to Fo,FagsTe,3La, in the nepheline syenites of the igdier- 
figssalik intrusion, south Greenland, have been reported by Powell (1978a). 

The occurrence of iron-rich olivine, Fo33Fas7Tes, associated with richterite, 


alkali feldspar, AbssOrsoAn,, nepheline, apatite and ulvospinel, UspsaMts6, with 


ilmenite lamellae, Ilmy;He;, in the cumulo-kenyte xenoliths in foyaite, Mount 
Kenya, has been described by Rock (1976). 
Fayalite is present in a variety of the granites of the ring complexes of northern 


Nigeria, including arfvedsonite~ fayalite-hedenbergite granite, amphibole - fa- 


alse nit nd = 
yalite granite and quartz-fayalite-hedenbergite porphyries (Jacobson ef al., 


1958; Jacobson and Macleod, 1977; Turner and Bowden, 1979). Fayalite (Table 
8, anal. 4) also occurs in the quartz monzonite, bauchite, of the same region 
(Oyawoye and Makanjuola, 1972), and here is associated with perthite, 
plagioclase, iron-rich pyroxenes and hastingsite. The occurrence of iron-rich 


ih (TahlaQ anal Wand 
olivines (Table 8, anal. 3) and of olivine- pyroxene intergrowths i in the adamellite 


of the Nain anorthosite mass (Wheeler, 1965) is considered in the section on 
metamorphic rocks (p. 263) 

Small ellipsoidal bodies of fayalite- quartz syenite and fayalite granite in the 
Pikes Peak batholith, Colorado, have been described by Gross and Heinrich 


(1965), Barker e¢ a/. (1975); and Wobus and Anderson (1978). Fayalite-bearing 


granites have also been described from the Kuramin Range, Soviet Central Asia 
(Ginzburg et a/., 1962), from the hastingsite granite, Tolla, Ajaccio (Quin, 1969) 
and the riebeckite granite of d’Evisa, Corsica (Maluski, 1975). In the latter intru- 
sion, fayalite, reported to contain as little as 0.12 wt. per cent MgO, occurs in 
large crystals as much as 10cm in length. The occurrence of large crystals of 
fayalite, up to 12cm long and weighing about | kg, has been reported from the in- 
ner quartz-rich cores of granitic pegmatites at Lake Buchanan, Texas (King, 
1961). Fayalite (Table 8, anal. 7) in the granite pegmatites of Tsuge, Susuka, 


Japan is described by Suwa (1964). 
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Although iron-rich olivines are not uncommon in sha ns and 


volcanic acid rocks they are found with less frequency in granitic rocks of deep. 
seated origin. The Precambrian fayalite (Fos) granite, Albany, Western 
Australia, described by Stephenson and Hensel (1978), is considered to be of ig- 
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neous origin, emplaced at a regional total pressure of 5 kbar, and crystallized 
from a melt or partial melt derived from metasediments, under water-deficient, 
high-temperature conditions of the granulite facies. Other occurrences of Pre- 
cambrian fayalite granites are listed by Stephenson and Hensel. 

A number of small bodies with rapakivi texture in southeastern Finland con- 
tain idiomorphic crystals of fayalite (Table 8, anal. 2). The olivine is surrounded 
by hornblende and also poikilitically encloses quartz and potassium feldspar 
(Simonen, 1961; see also Savolahti, 1962). Fayalite is occasionally present is 
granophyres, and has been described from the New Amalfi sheet, Matatiele, 
South Africa (Poldervaart, 1944), the hedenbergite granophyre associated with 


the Vesturhorn epigranites, Kaslardal Valley, : southeast Iceland (Roobol, 1974), 


and the dolerite- granophyre dyke, Red Hill, Tasmania (McDougall, 1962). 
Veinlets of high-temperature metasomatic origin, in which biotite and feldspar 
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are replaced by fayalite, and occurring in an alaskite granite porphyry, Upper 
Kolyma area, USSR, have been described by Gracheva (1966). The crystallization 
of fayalite (Table 8, anal. 6) associated with fluorite and siderite, in tension frac- 


tures in felsite, at Rooiberg, northern Transvaal, has been reported by Pringle 
(10748) 
us at we 

The presence of iron-rich olivines, Fo,2—- F032, in apatite magnetitites in the 
Bushveld complex has been described by Grobler and Whitfield (1970). These 
olivine- apatite- magnetite- ilmenite rocks occur in bands concordant with the 
layering of the cumulates in the upper zone of the complex, and their Origin is at- 


: 
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tributed to the partiai segregation o of an immiscible guia rich in Fe- Ti-oxides 


and apatite that separated during the final stage of differentiation of the 
Bushveld magma. Fayalitic olivines, Fo2zo-Foo, both as plagioclase- fayalite 
metasomatites, and as discrete grains in sulphides, have been described from 
sulphide veins in the Noril’sk ore deposit, USSR (Zolotukhin, 1971). 
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LA1U00I- TIC o1ivines, Val YIN Ll COMIPOSIUOH ILOML Fos to Fo; have UCC! UCSLILTU- 
ed from the minor intrusions, intermediate between anorthosite and adamellite, 
associated with the Nain complex (Wheeler, 1969). The olivine, either as single 
crystals or aggregates of equant granules, forms intergrowths with quartz that 
have probably been derived from an inverted pigeonite. A smaller range in com- 
position is displayed by the olivines of the moderately well differentiated Mineral 
Lake intrusion, northwestern Wisconsin (Olmsted, 1969). In the lowest unit con- 
sisting of anorthositic olivine gabbro the olivine varies from Fog; to Fos3, is then 
absent in the major part of the main anorthositic and gabbroic anorthosite units, 


but is again found, with the composition Fo2s, in the upper unit of ferrodiorite. 


Volcanic and hypabyssal rocks. Olivine is present in a wide range of volcanic 
rocks both as phenocrysts and as a groundmass constituent and occurs in alkali 
and tholeiitic basalts and the fractionation products of their liquids, as well as in 
more sodium- and potassium-rich basic lavas. 
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Some of the most magnesium-rich olivines have been 


ultrabasic komatiitic lavas. In the rocks of the Archaean Abitibi p greenstone belt 
of northern Ontario (Arndt et a/., 1977), olivine (Table 9, anal. 1) ranging in 
composition from Fog, to Fogs and with high nickel (0°32-0°55 wt. % NiO) and 
chromium (0°14-0°33 wt. % Cr2O3) contents, occurs as skeletal plates in some of 
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peridotitic komatiites. 

The peridotitic komatiites at La Motte Township, Quebec, have been describ- 
ed by Lajoie and Gélinas (1978). Olivine as rare hopper and porphyritic crystals 
occurs in the chilled and fractured top of the flows. In the underlying spinifex 


zone the olivines are smaller in the upper, and larger in the lower part of the zone 


(Fig. 171), those at the base may be deformed and deflected possibly due to the 
operation of a turbulent underflow. The rock of the lower unit may be either 
massive or layered. In the layered parts, due to contrasting grain size of the 
olivines, which show reversed grading in the upper and normal grading of the 
lower near equant solid crystals, the layering may be either parallel or oblique to 
the base of the upper unit. These features of the La Motte komatiites have led La- 
joie and Gélinas to propose an explanation that differs from the generally ac- 
cepted model relating to the origin of the textural features of spinifex rocks. They 
suggest that the upper unit formed first, due to the rapid cooling producing a 


solid thermally-insulating cr ust at the top of the flow, and that all under flow in 
the lava below removed the latent heat of the crystals. The different textures of 
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Fig. 171. (a) Diagrammatic section of typical komatiite flow. (b, c) Diagrammatic sections of La 
otte flows (2 after TL aiole and Gélinas, 1978), 
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ailing conditions of 
laminar flow in the upper unit, that after a period of consolidation led to a 
decrease in the hydraulic radius of the conduit giving rise to an increase in 
velocity and to turbulent flow during the formation of the lower unit. 
More magnesium-rich olivines, however, have been reported from the basalt 


aft the Islet nf Kolbeinsey an the northern extension af the Mid_Atlantir Didaooa 
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between Iceland and Jan Mayen (Sigurdsson and Brown, 1970). The average 
compositions of the olivine microphenocrysts is Foog.g and the extremely low 
content of the fayalite component is probably related to the very high oxidation 
state of the magma at the time of primary crystallization that resulted in the 
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rock composition are respectively 0°38 and 8:98 wt. %). 

Somewhat less magnesium-rich olivine phenocrysts, averaging Foo, Occur in 
the basanites and nepheline basalts of La Grille, Comores archipelago, northwest 
Madagascar (Strong, 1972). The composition of the phenocrysts in the olivine 
melanephelinites, Mt Moroto, northeastern Uganda is Fogy (Hyt6nen, 1959). In 
most basanites and feldspathoid-bearing basalts, however, olivine is generally 
richer in the fayalite component. Those of the melilite nephelinite of Essey-la- 
Cote, Meurthe-et-Moselle (Velde and Thiebaut, 1973) vary in composition be- 
tween Fos; and Fog,; the phenocrysts in the basanites and nephelinites of the 
Monaro alkaline volcanics, New South Wales (Kesson, 1973) have core composi- 
tions between Fog, and Fogo and are zoned to Fo72 at the margins. Similar values 
for the olivine in the basalts of this province have also been reported by Cundari 
(1973). Olivine in the analcitite, Inglewood, southeast Queensland, has a com- 
position of 2 For. (Wilkinson, 197). 

Olivine phenocrysts (Fog 9- F077), showing corrosion features in the olivine 


melilitite of the Sutherland town lands, South Africa, have been described by 
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Mclver and Ferguson (1979). Some of the phenocrysts are replaced by an 
assemblage of tabular melilite, magnetite and phlogopite. Less extensively cor- 
roded phenocrysts are rimmed successively by phlogopite, melilite, magnetite and 
perovskite, and minor amounts of monticellite and anorthite with secondary car- 
bonate and zeolite. 

Olivines of the more alkali-rich basic lavas commonly have a relatively high 
content of the Ca2SiO, component, e.g. in the alkalic and subalkalic lavas of the 
Quaternary volcanic province, South Auckland, New Zealand, the amounts vary 
between 0:75 and 0°90, and 0°35 and 0°60 mol. per cent respectively (Rafferty and 
Heming, 1979). 


Phenocrysts in the olivine nephelinites of the Raton- Clayton volcanic field, 
New Mexico (Stormer, 1972), have core compositions of about Fogs, slightly 
more iron-rich margins and characteristically show strong peripheral enrichment 
in calcium (e.g. cores 0°4, rims 0:7-0°9 wt. % CaO; Fig. 172). 


In the hasanites. melilite nenhelinites and tenhrites af the I aacher See area the 
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olivine phenocrysts range between Fog, and Fog,, with the more magnesium-rich 
compositions occurring in the nephelinites. A similar range, Fog7— FOge, is shown 
by the Quaternary basalts of W. Eifel (Jasmund and Schreiber, 1965) and 
Hocheifel (Huckenholz, 1965). In the latter area the composition of the olivine is 


Fogs— FO7, in the hawaiites and Fo79- Fo7; in the mugearites. 


In the more ferromagnesium-rich ankaramites and picritic basalts of the 
Hocheifel area the composition of the olivine varies between Fogs and Fog,; the 
olivines of the ankaramites have high contents (0°28-0°39 wt. % NiO) of nickel 
(Huckenholz, 1966). Similar nickel-rich olivines have been reported from the 


. 
picritic-basalts of the Deccan traps (Krishnamurthy and Cox, 1977) in which the 


phenocrysts vary in composition between Fo9o and Fog; and those of the ground- 
mass between Foge and Fogg. 

Comparable compositions with the olivines of the basanites and nephelinites 
of the West German region are also found in similar rocks at Forez, Massif Cen- 
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Fig. 172. Olivine compositions and zoning trends of feldspathoidal lavas and basalts of the 
Raton- Ciayton voicanic field, New Mexico. Open circies, phenocryst centres; soiid circies, rim or 
groundmass compositions (after Stormer, 1972). 
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tral, France (Hernandez, 1973), and the Balcones Province, Texas (Spencer, 
1969). Those of Lake Rudolf (Brown and Carmichael, 1969) show a wider com- 
positional variation, Fog..6- Fog3.6. Two varieties of olivine are present in alkali 
olivine basalts at Geronimo, southeastern Arizona, larger rounded anhedral 
grains (1-2 mm) showing mosaic extinction, and smaller euhedral to subhedral 
groundmass crytals; the extreme compositional range is Foso to Fogo (Evans and 
Nash, 1979). 
Strongly zoned olivines have been reported in the tholeiitic lavas, Skye 


Scotland, ‘and olivine microphenocrysts, zoned from Fos, to Foss, have been 
po ted although the zoning is generally in the range from FOsgo- F060 (Esson ef 

, 1975). Megacrysts of olivine, Fog7- Fo7g.s, surrounded by narrow Fog9- Fo7s 
mantles and groundmass olivine Fo;3- F073, occur in the gabbroic anorthosite 
dykes, northwest Skye (Donaldson, 1977b). The phenocrystal olivine contains 


between 0°12-0°17 wt. per cent NiO, a value comparable with that of the olivine 
phenocrysts in the high- calcium olivine tholeiite lavas described | by Esson ef ai. 
(1975). In the olivine tholeiites and pigeonite tholeiites of Mount Etna (Tanguy, 
1978) the olivine phenocrysts range in composition between Fos. and Fos, and 


Fog, and Fo7; respectively, and those of the hasaltic andesites and andesites of 
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the Medicine Lake ‘volcano, California (Mertzman, 1977), from Fo79 to Foe¢s. 

Rims of orthopyroxene surround the olivine, F075~- F068, in the lower part of 
the Atumi dolerite (Kushiro, 1964b), but in the more alkaline olivine-analcite 
dolerite of the upper portions of the sheet the rims become less distinct. 


The olivines of the older lavas of Mauritius (Baxter, 1975), the trend of which 
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is transitional between tholeiitic and alkali basalt series, are ‘characterized by the 
absence of an olivine-~liquid reaction, and vary in composition from Fo32- Fo7s3 
in the picritic basalts to Fo79 in some of the hawaiites. 

In the Nuanetsi region, Zimbabwe, olivine is present in both the extrusive and 
hvnabvssal rocks, with markedlv skeletal olivine, Fo,.-Fo-;:. in the limburgites 
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and olivines zoned from Fo72 to Fog; in the augite picrites. The olivine in the 
anaicite- olivine theralite (Fo7,) and tinguaite (Foss) of the Square Top intrusion 
(Wilkinson, 1966) shows limited variation. In the Prospect alkaline dia- 
base - picrite intrusion, New South Wales, the olivine becomes progressively m more 


fayalitic from the base of the nicrite zone (Fo.,) to Fo.«, a few metres from the un- 
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per contact of the dish-shaped intrusion (Wilshire, 1967). 

Olivine microphenocrysts in some of the olivine-bearing basalts from the cen- 
tral part of the Mid-Atlantic Ridge have compositions between Fog, and Fogo 
(Muir and Tilley, 1964, 1966). In other samples of the basalts three generations of 


olivine have been reported, corroded megaphenocrysts, Fags, euhedral 


microphenocrysts, Fogs-Fogs, and as a groundmass constituent with a similar 
composition to that of the microphenocrysts. Other magnesium-rich olivines, 
Fog9—- FOgs have been described from the magmatic cumulates of ocean layer 3 of 


the Ridge (Hodges and Papike, 1976; see also Blanchard ef a/., 1976; Clagne and 
Runch, 1976: Prinz et al., 1976: Symes et al., 1977). Hekinian et all. (1976) have 
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described the occurrence of olivine megacrysts, phenocrysts, microphenocrysts, 
and microlites in the submarine lavas of the Ridge at 36° 49’ N. At this locality 
the composition of phenocrysts and microphenocrysts in the picritic basalts is 
Fog; and that of matrix olivine, Fog,s. In the glassy basalts the olivine displays 


Mm ha lawva lih m ha 
well preserved crystal outline, and for many of the basic lavas equilibrium be- 


tween olivine and melt is shown by the systematic change in composition between 
the crystals and glassy matrix such that: 
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In the plagioclase-rich basalts the olivine is partially resorbed and is believed to 
represent xenocrystic material incorporated in, and brought to the surface with, 
the liquid. Olivine phenocrysts in the tholeiitic basalts of the western flank of the 
Galapagos rise have a core composition Foge, with the olivine of the groundmass 


as iron-rich as Fo¢¢.3. 

A wider compositional vanes: Og9- Fo; by her } 
basalts of the Reykjanes Ridge is also de monstrated by the systematic partition- 
ing of Fe/Mg between olivine and the estimated liquid compositions. The value 
of the distribution coefficient, the average Kp is 0°34 (Hermes and Schilling, 
1976), is in fair agreement with the experimentally determined value of 0°30 


(Roeder and Emslie, 1970; see p. 70). 
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A wider compositional range, FOa0- Fo;,, is displayed by the phenocrysts and 
microphenocrysts in the tholeiitic basalts of the Oceanographer fracture zone that 
offsets the Atlantic Ridge at 35°N 35°W (Shibata ef a/., 1979). A similar range 


has also been observed in olivine of the ocean floor basalts from DSDP legs 2 and 
3 (Frey et al., 1974), from leg 11 (Ayuso et a/., 1976), and from leg 34, the Nazca 


ye we RENEE Aw 2A LSAT MON Le ee sare sa wrass Bw we Saaw 2NSLW SH 


plate (Mazzullo and Bence, 1976). The. distribution coefficient, Kp = 
(Fe/Mg)°'/(Fe/Mg)* determined experimentally at the QFM buffer varies be- 
tween 0°25 and 0°30. These values are somewhat lower than those of Roeder and 
Emslie (1970) and of Longhi ef al. (1978). This discrepancy may be due to the 


nresence of ferric iron (not determined) in the liquid. and would require between 
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10 and 20 per cent of the iron being present in the ferric state. 

Olivine phenocrysts, Fog9-FOo909, associated with piagiociase Ansgo- Ansg2.-s, 
and chromite, are present in the picrite lava shields of the active tholeiitic volcanic 
zone of the Reykjanes Peninsula, Iceland (Jakobsson ef al., 1978), and the 


assemblage i is possibly derived by the crystallization of a primarv mantle liquid. 


OVsaava rY Pa ssean Y anaGaaed 


Olivine phenocrysts in the more evolved basalt shields and fissure lavas have com- 
positions of * Fogo- F073 and Fo75~Fo73 respectively. Normal and continuous 
zoning of some 4-5 per cent Fo is commonly present, and is considered to be due 
to cooling during the ascent of the lavas, and to the changing composition of the 


successive liquids in the lava itself durine solidification. Equilibrium temne- 
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ratures, based on the calculated Fe- Mg distribution between olivines and liquids, 
are between 1264 and 1270°C for the picrite shield lavas, and between 1184 and 
1224 °C for the basalt fissure lavas. 


At Gough Island, the most southerly island on the Mid-Atlantic Ridge, the 
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basalts, trachyandesites and trachytes. In the most basic rocks the composition of 
the olivine is Fogs, in the olivine basalt Fosg,;-Fo77, in the trachyandesites Fo.2, 
and in the trachytes Foss; in the aegirine- augite trachytes the olivine is fayalitic 
in composition (Le Maitre, 1962). Phenocrysts similar in composition to those of 
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alkali basaltic complex, Sao Miguel Island, Azores (Boone and Fernandez 1971). 
In some of the subaikalic basalts and basanitoids of Grenada, Lesser Antilles 

island arc, the olivines vary in composition between Fog99 and Fo7s but are less 

magnesium-rich, Fogs-Fo7;, in the ankaramitic and most of the subalkalic 
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feature of the olivines in the basanitoid and basalts is their zoning from lower to 
higher contents of calcium from core to rim. 

The olivines in the basalts, basaltic andesites, dacites and rhyodacites of 
Methana, south Aegean arc, Greece (Pe, 1974), show a relatively restricted com- 
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with core compositions of Foge.s, FOssg-o, FOsgs.o and Fogs.3 and Fo77.2 
(microphenocryst) in the basalt, basaltic andesite, dacite and rhyodacite respec- 
tively. Moderate normal zoning is commonly present, e.g. FOgs.5—- FOg:.5 (FO72-8 
in the groundmass) in the basalts, and Fogs.o- FOs6.6 (FOg3-0 groundmass) i in the 
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clinopyroxene that is accompanied by the precipitation of magnetite. Olivine is 
absent in the groundmass of the transitional dacite-rhyodacite and its absence is 
coincident with the appearance of orthopyroxene. The small olivine phenocrysts 
in the sodic lavas of Deception Island, South Shetland Islands, show a con- 
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andesites and Fo32- 36 in the dacites. In some of the dacites and in the rhyolites 
the olivine is as iron-rich as Fo29 (Weaver et al., 1979). 

The basaltic lavas of the Rabaul caldera in the Papua New Guinea- New Bri- 
tain volcanic arc are more tholeiitic in character (Heming, 1977) and the olivines 
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phenocrysts and microphenocrysts, the olivine (Table 9, anal. 21) in some of the 
basaltic andesites also occurs in coarse, glomerophyritic clots, in which it is 
associated with calcium-rich plagioclase and diopsidic augite, and is probably 
xenocrystal in origin. Olivine, Fo79-Fo¢;, is the dominant ferromagnesian con- 
stituent in the basaltic andesites of the Medicine Lake volcano, California 
(Mertzman, 1977). A small lava and scoria cone associated with the volcano, con- 
sists of a high-alumina tholelitic olivine basalt, the olivine phenocrysts, 
(Fo73- Foss) of which contain high-temperature exsolution lamellae of hematite 
and small, 0-15 mm, oval grains of a tschermakitic amphibole (Mertzman, 1978). 
On textural gi rounds the amphibole i is considered to have crystallized a a8 a pr imar y 
phase prior to the olivine. Further evidence of its early crystallization is provided 
by the variable oxidation of the tschermakite where the inclusions are intersected 
by cracks within the olivine. In the pyroclastic part of the cone the olivine 
phenocrysts contain inclusions of an opaque, cryptocrystalline iddingsite- like 
material that probably represents totally resorbed amphibole. Application of ex- 
perimental data on the melting relations of high-alumina tholeiitic basalt in- 
dicates that the lava originated at a subcrustal depth, at a temperature of about 
1000 °C and oxygen fugacity close to the Ni- NiO or QFM buffers. 

In the olivine tholeiite- basaltic andesite-islandite- pitchstone lavas of the 
Thingmuli volcano, eastern Iceland (Carmichael, 1964, 1967a), olivine is present 
in the earlier rocks of the series but is absent in the basalts and basaltic andesites. 
Here its reappearance as an iron-rich phase in the islandites and pitchstones is 
analogous to the crystallization of olivine in some layered plutonic intrusions. 


Other iron-rich olivines in minor intrusions include the dolerite and. gabbro sills 
and laccoliths of Udinsk-T Tuluner, east Siberia (Levinson-Lessing et ai., 1932), 
olivine diabase dykes, Ansio, Finland (Savolahti, 1964), theralites and tes- 
chenites, iron-rich diabase, Beaver Bay, Minnesota (Muir, 1954; Konda, 1970), 
and the fayalite of the ferrodolerites of the differentiated Tumatumari- 
Kopinang intrusion, British Columbia (Hawkes, 1966). 


The oceanites of the Hawaiian volcanoes consist of as much as 50 pel cent 
olivine phenocrysts many of which have rounded and embayed margins. Some of 
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the oversaturated rocks also contain olivine phenocrysts that are similarly round- 
ed and embayed and appear to be in the process of resorption (Macdonald and 
Katsura, 1964). There is a marked absence of olivine in the groundmass and the 
small amounts present in some of the lavas are considered to represent the 


unresorbed remnant of earlier formed phenocrysts (see also Kushiro and Kuno 
1963; Cox and Hornung, 1966). 

The olivine phenocrysts in the tholeiitic lavas of the summit eruption of 
1959-60, Kilauea, Hawaii, have been shown (Maalge, 1979) to consist of larger 
phenocrysts and microphenocrysts respectively Fog; and Fos, in composition. 
This bimodal distribution of the olivine forsteritic content is discussed in relation 
to the calculated trend of fractionation of the Hawaiian liquids based on variable 
distribution coefficients between olivines and liquids estimated from experimen- 
tally determined phase relationships (Maalee, 1976), from which it is concluded 


that the summit lavas are the product of mixing of two magmatic liquids. 
The intratelluric alteration, following partial! resorption and the suhsequent 
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growth of fresh olivine in optical continuity with that of the core is displayed by 
the phenocrysts in the transitional thoieiitic to aikalic flows and dykes of the East 
Molokai volcano, Hawaii (Beeson, 1976). Further evidence of the intratelluric 
character of these deep red to reddish yellow alteration rims, consisting of 


disnersed hematite and associated magnetite- pyroxene sumnlectites. is nrovided 
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by the occurrence of overgrowths around alteration rims at the centre of a dyke 
and the absence of such overgrowth around the olivines of the chilled dyke 
margins. The overgrowths are invariably more iron-rich than either the cores of 
the phenocrysts or the zones of alteration and their origin here is entirely contrary 
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result of the selective alteration of a shell of iron-rich olivine. In these Hawaiian 
rocks the intrateliuric character of the aiteration rims can be identified even 
where overprinted by deuteric or weathering processes, from which it is 
distinguished by its formation as a complete rim around the resorbed olivine, by 
its sharp contact with the unaltered core, and by its lack of extension along cracks 
in the olivine crystals. A more complex arrangement is displayed by some 
phenocrysts. in these a second resorption event and the development of a second 
alteration rim has occurred, and both types of phenocrysts are present in the same 
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the tholeiitic basalts and vitric tuffs of Isla Tortuga situated on the fracture zone 
of a spreading trough in the Guif of California (Batiza, 1978). The composition 
ranges from Fog7- Fogo, FO7g- Fo7¢ and Fo72- Foes respectively in the olivines of 
the olivine- plagioclase phyric, plagioclase phyric, and the non-porphyritic or 


weakly nhenocrvstal lavas. More iron-rich olivine however orcure in the 
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pegmatoid segregations within the lava flows, and in normal zoned crystals show- 
ing continuous iron enrichment, peripheral compositions may reach ferrohor- 
tonolite compositions. 

Olivine phenocrysts and microphenocrysts are present in the basalts, fer- 
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rift, Kenya (Baker et a/., 1977). The composition of the olivine becomes pro- 
gressively richer in iron in the more differentiated members of the lava series, and 
in the basalts the cores are © Fog; and zoned to Fo33, comparable in composition 
with that of the groundmass olivine. In the benmoreites and trachytes the olivines 
are of hortonolite and ferrohortonolite compositions respectively. Iron- and 
manganese-rich olivine, ranging in composition from F030 Fag4 Tes to Fo27 Faee- 
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Te;, and associated with aenigmatite, richterite, arfvedsonite and sodian 
clinopyroxene occurs in the Puu Koae trachyte, West Maui, Hawaii (Velde, 
1978). 


A larger variation in olivine composition occurs in the lavas of the Dunedin 
volcano. New Zealand (Price and Channell. 1975). Beginning in the basalt with 
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phenocrysts of Fogo, the olivine becomes progressively richer in the fayalite com- 
ponent through the series basanite (phenocrysts Fogo- F070, groundmass Fo79), 
hawaiite (phenocrysts Foso- Foso, groundmass Fo4o) and phonolite (phenocrysts 
Fo3s5, groundmass Fo,) to trachyte in which both the phenocryst and groundmass 


olivine i 1s Fo;1 in composition 
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Fayalitic olivine i is present in small amounts in many acid and alkaline volcanic 
rocks, particularly in those in which sodium is present in greater amount than 
potassium (Hawkes, 1924; Smith, 1931; Palache, 1950), and has been reported 


with tridymite in cavities in liparite (Noe-Nygaard, 1952), in lithophysae in obsi- 
dian (Murdach and Wehh_ 1940) and ac nhenocrvets in the Rrodick nitchctnne 
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Arran, Scotland (Carmichael, 1960). Kuno (1940) has described its occurrence in 
dacite as a reaction rim around porphyritic orthopyroxene. Fayalite, Fo..;, and 
Fo,.9 occurs in the rhyolite and obsidian respectively of Mono Craters, California 
(Carmichael, 1967b), and Carmichael (1962) has reported its presence in the obsi- 


dianc rhvolitec. trachvtecs and nhonolites of Pantelleria 
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Fayalite, Fo;o, associated with ferroaugite, is a constituent of the Circle Creek 
rhyolite, Nevada (Coats, 1968), and occurs in the quartz trachyte of the Atakar 
(Hoggar) volcano. Other examples are found in the phonolites of the Mt Moroto 


(Hytonen, 1959), the groundmass of the phonolite of the Dunedin volcano, South 
Icland New Zealand (Price and Channell 1078) and in the anartz darite of 
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Higashi-yama, Izu Island, Japan (Isshiki, 1963), porphyritic obsidian, Pantelleria 
(Carmichael, 1962; Table 9, anal. 26), the latter containing an unusually high con- 
tent of manganese and calcium, in the pitchstone lavas and dykes of the 


Thingmuli central volcano, eastern Iceland (Carmichael, 1967a), and in a 
yantellerite ash-flow tuff, southern Nevada (Noble, 1965). the olivines of which 
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range in composition from FO25 to Fos. 

Magnesium-rich olivines are essential constituents of the potassium-rich basic 
lavas, jumillite, wyomingite, orendite and verite. In the jumillites of Murcia and 
Almeria, southern Spain (Borley, 1967) the olivine, * Fogs, was an early crystalliz- 
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kataphoritic amphibole and sanidine. A more magnesian olivine, Fo9,.5- F0o0.5, 
occurs in the verite obsidians and rare verite breccias, and in these rocks is com- 
monly completely pseudomorphed by calcite mosaics or by serpentine. 

In the rocks of Leucite Hills, Wyoming, evidence of disequilibrium between 
olivine, FOo9, and liquid is shown by its partial resorption and in the wyom- 
ingites by the development of a reaction rim of phlogopite. In the associated 
orendites, however, olivines, Fogo- FOg7, Occurring as small phenocrysts display 
no evidence of instability (Carmichael, 1967c). Olivine in the high-potassium, 
shoshonitic, lavas of Stromboli (Girod, 1975). is considerably t richer in the fayalite 
component, the phenocrysts are zoned from Foes to F054, and the composition of 
the rims approximates closely to that of the olivine, Fos2, in the mesostasis. Other 
magnesium-rich olivines from potassium-rich basic lavas, are present as 
phenocrysts in the ugandite and augite katungite, Bunyaruguru, Uganda, the 
compositions of which vary between Fogs.g and FOg7.;, and Fog7.9 and Fogs.9 
respectively (Barton, 1979). 

Olivine, Foso, occurs both as a major phenocrystal mineral and, with 
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phlogopite and kalsilite and a potassium-rich glass, as a constituent of the 
groundmass of an ejected biock of mafurite from the Lake Nyunga crater, 
southwest Uganda (Edgar, 1979). In addition to its presence as euhedral 


phenocrysts, phlogopite occurs as a ‘reaction’ phase around olivine phenocrysts. 
This relationship, and the close association of olivine and phlogopite with 
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kalsilite and potassium- rich glass in the groundmass, was considered by Edgar on 
the basis of the experimentai data on the KAISiO,- Mg.2SiO4- SiO0.-H20O system 
(Luth, 1967), the biotite mafurite-H2O system (Edgar ef a/., 1976), and the 


mafurite- H,0- CO; system (Ryabchikov and Green, 1978), and led him to sug- 


phlogopite > 3 forsterite + kalsilite + liquid + vapour 


may have occurred at P,, , 2:2 kbar and 1180°C. 


Variations in the olivine content and in the composition of the olivine relative 
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to Io opatial GiStr ibution, nave veel Gescri0ea in a numoer or ELLLLIWE BLL uSIONS, 
including the flow differentiated ultrabasic dykes of the Cuillin and the 
Strathaird peninsula, Skye (Gibb, 1968b), and the dykes and sheet-like bodies of 
the Deep River Triassic basin, North Carolina (Hermes, 1964). In the latter 
region the dykes consist of picritic and normal dolerites the olivines of which 
range in composition from F Og7- F073 and FOg7- F O62 respectively. \ Within the in- 
dividual intrusions olivine decreases in amount and increases in fayalite content 
from the centre to the margin, e.g. from 54 vol. per cent and Fog, to 21 vol. per 
cent and Fo;; close to the margin in a dyke 18m wide. This distributional effect 
and compositional variation is explained by Hermes (1964) as the result of the 
derivation of the dyke material from a partially crystallized magmatic source con- 
taining local concentrations of early olivine crystals. 

The concentration of olivine crystals at the base of pillows and non-pillowed 
picritic basalt lavas of the Politico- Philani area, Cyprus, has been described by 
Searle and Vokes (1970). The olivine Occurs as individual anhedral to euhedral 
grains showing no indications of reésor ption and their concentr ation is consider ed 
to be the result of gravity settling due to the low viscosity of the magma. A similar 
concentration of olivine in the lower parts of pillows in the basic lavas of 
southwestern Iceland has been noted by Mathews et a/. (1964) and Yagi (1964). In 


some of these lavas olivine is also concentrated in vesicles in the upper part of the 
pillows. Possible settling rates and liquid viscosities have been calculated and 
discussed by Mathews ef a/. The gravitational settling of olivine, Fog7.;, in the 
lava of the Kilauea (1959) eruption on Kilauea Iki, and its relationship to the 


origin of the picrite- olivine-poor basalt series, has been discussed by Murata and 


Richter (1966) (see also Sparks etal., 1977). 

Magnesium- rich olivines are present in the ultrabasic facies o 
sheets, a general account of which has been presented by Drever and Johnston 
(1967a). The earlier view that these olivine-rich facies have been derived by the 


gravitational settling of the early-formed crystals, as in the lower part of the 
rhythmic bands of layered intrusions, has been shown for some examples to be in- 
correct, and the olivine-rich facies are more probably the result of flow banding 
in association with gravity settling (see also Simkin, 1964). 

Picritic sills, the olivines of which have a compositional range of Fo93-F0oo, 
have been described from the Island of Soay, Hebrides (Wyllie and Drever, 
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1963). In the picrite at the base of the Garbh Eilean Sill, Shiant Isles, Scotland 
(Drever and Johnston, 1965), the olivine composition is Fog4-Fosgo. in the 
doleritic picrite of the same sill the composition of the olivine is Fo7., and in the 
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crinanite in the upper part of the sheet the olivines are strongly zoned marginally; 
the most extreme example noted from Fo79 to Fo,3. 

In the analcite dolerite that forms the main part of the 50m thick Dippin Sill, 
Arran (Gibb and Henderson, 1978) the olivine is less strongly zoned with a max- 
imum observed range of Foes- Fog,. The compositions of the cores and the extent 
of the zoning vary systematically with height in the sill, and the greatest concen- 
tration of the olivine occurs at the 15-20 m level above the bottom of the sill. 

The small picritic and larger xenolithic ultrabasic dykes of Skye have been 


described respectively by Drever and Johnston (1958) and Gibb (1968b). The 
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olivine of the latter i i$ very Var riable i in gr ain size, 0 ‘lm mm- 1 0 cm, the | lal BEL ULLUI- 
ring in well developed crystals and showing translation lamellae. In some dykes 
olivine is found right to the margin and in others is essentially absent at the 
margin. A study of the distribution of olivine, and the variation of the average 
crystal length, across the dykes, has been presented by Gibb (1968), and is con- 
sidered to result from the differentiation of the dyke magma by laminar flow. Ex- 
cept for the smallest crystals, with composition @ Fog;, the olivines have unzoned 
cores, © FOgy and narrow zoned margins of = Fog; (see also Gibb, 1972). A similar 
composition is reported for the olivine, @ Fog3, in the Suisnish layered dyke, Skye, 
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described by Parslow (1976). A more iron- rich olivine (Foro. 5~ Foss. ) i iS present 
in the layered dyke at Eqalogarfia, Nunarssuit, south Greenland (Pulvertaft, 
1965). The mechanical interaction between olivine phenocrysts in flow-dif- 
ferentiated dykes and sills is discussed by Komar (1972). Olivines showing large 


prismatic, small idiomorphic, and elongated prism habits are present in a picrite 


T he second two var ieties al? zoned from FO0s7 in the COre to FOg4 at the margin; 
the third type is considered to have crystallized rapidly in shallow low-pressure 
conditions. 

In the meymechite dykes, consist ng o of olivine phenocrysts in a glassy matrix 
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that recrystallizes to aggregates of titanaugite, titanomagnetite and phlogopite, 
associated with the Gulya alkalic ultramafic pluton, Meyecha River, northern 
Siberian Platform (Mal’kov, 1971), the compositions of the olivine, Fo 94- Foo. 
are similar to those in kimberlites. The dykes display a decrease in the grain size 


and total volume of the olivine phenocrysts from the centre to the margin. The 


olivines are oriented parallel to the dyke margin indicating that they were 
suspended in the meit at the time of injection. The distribution of the olivine in 
the dykes is the result of hydrodynamic differentiation and there is a correlation 
between the chemical composition of the meymechite and the amount of olivine 


phenocrysts that can be pre sed as 
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where v is the volume fraction of olivine and f,,, f,, and f,, are the iron- 
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magnesium ratios of the meymechite, olivine and glass, respectively. 
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fayalite- quartz dolerite of the New Amalfi sheet, South Africa (Poldervaart, 
1944), the dolerite of the Red Hill dyke, Tasmania (McDougall, 1962), and in the 
ferrotholeiite associated with the Birds River complex, Dordrect District, South 
Africa. 


Peridot. Gem-quality olivine is not uncommon. Most peridots have a composi- 
tion of around Fogo irrespective of the individual paragenesis, e.g. the St John’s 
Island, Red Sea, peridot, Fogo, in serpentinized dunite (Strunz, 1962; Wilson, 
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1976), Ross Island, Antarctica, Foo92, where it occurs in nodules in basalt (Wilson 
et al., 1974), and from Alemklovdalen, Aheim, Norway, Fooo.¢ (Bank ef ai., 
1970). Other peridots have been reported, with FeO + Fe.O; between 10°5 and 


11-7 wt. per cent, in clinohumite-serpophite- phlogopite- olivine metasomatic 
rocks associated with an ijolite intrusion, Krasnuyarsk, USSR (Gol’dburt, 1969), 
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and of composition Fog; in asbestos-like chrysotile- sepiolite shells and in inclu- 
sions in talc veins intersecting serpentinized carbonaceous peridotite (Glazunov et 
al., 1973). Light green peridot, Fos,, and a more iron-rich light greenish brown 


variety, Fogsg.6, Occur as granular aggregates associated with gem-quality 
enstatite, at the Chavira mines Kamargo, Chihuahua, Mexico (Dunn, 1978). The 
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collection of gem-quality olivines in the Rijksmuseum, Leiden, has been describ- 
ed by Zwaan (1959). 


Liebenbergite. the nickel olivine, liebenbergite (Table 16), containing 71°32 per 
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deposit, Barberton Mountain Land, South Africa (de Waal and Calk, 1973), 
is associated with other nickel-bearing minerals, including trevorite, 
(Fe?*Ni)Fe>*Ou., millerite (B-NiS), bunsenite (NiO), violarite (FeNi2O.), gaspéite 
(Nio.a9Mgo.43Feo.osCO3) and nickel serpentine. The liebenbergite occurs in in- 
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terstices between the grains of trevorite and is largeiy repiacea oy seconaary 
nickel serpentine. It has been suggested (de Waal, 1978) that this unique nickel 
deposit at Bon Accord is of meteoritic origin. 


Metamorphic Rocks 


Olivines of metamorphic origin occur principally in rocks of ultramafic composi- 
tions, in impure carbonates, and in iron-rich sediments. In consequence most of 
these olivines are either magnesium- or iron- rich, and members in the in- 


termediate compositional range are rare (see Table 10, p. 40). 


Ultramafic rocks. The most extensive development of olivine is found in the 
various mineral assemblages formed during the progressive metamorphism of 
serpentinites, a process commonly described as deserpentinization. Examples of 
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the changing phase equilibria in these rocks have been reported in recent years 
from the central Alpine region (Evans and Trommsdorff, 1970; Trommsdorff and 
Evans, 1974), the Sierra Nevada, California (Springer, 1974), the Cascade Moun- 
tains, Washington (Frost, 1975; Vance and Dungan, 1977), the Blue River area, 
British Columbia (Pinsent and Hirst, 1977) and in Western Australia (Oliver and 
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Ward, 1971). 

Olivine-bearing assemblages developed during the progressive metamorphism 
of olivine-diopside-antigorite schists within the aureole of the tonalite in the 
southern Bergell Alps, Italy, have been shown (Evans and Trommsdorff, 1970; 
Trommsdorff and Evans, 1974) to be closely comparable with the experimental 
and calculated phase relations in system CaO-MgO-SiO2-H20. With increas- 
ing metamorphic grade the following zones of mappabie width are successively 
developed; (1) antigorite- olivine- diopside; (2) antigorite- olivine-tremolite; (3) 
talc- olivine-tremolite; and (4) olivine-anthophyllite-tremolite. The transition 
from the first to the second zone results from the reaction: 
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5Mg3Si205(OH)4 + 2CaMgSi20¢ = 6Mg2SiOg + Ca2MgsSigO22(OH)2 + 9H20 


antigorite diopside forsterite tremolite 
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and the assemblage corresponds, on the basis of the mineralogy of the associated 
rocks of pelitic and basic composition, with the P-T environment of the staurolite 
isograd. An equilibrium temperature of about 485 °C has been calculated for the 
antigorite + diopside = forsterite + tremolite + HO reaction (Oterdoom, 1978) at 


P = p =? kbar. The amount of olivine present in the rocks increases in the 
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progression from zones | to 3, and in the latter zone the rocks are hornfelsic in 
texture. The main reactions between zones 2 and 3 and zones 3 and 4 are: 
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5Mg3Si20 s§U H), = 6Mg.2SiO, + Mg3Sis010(0H I H)2 +9H.0 (i) 


antigorite forsterite talc 
9Mg3Si,O,0(OH)2 + 4Mg.SiO, = 5Mg7SisO22(OH)2 +4H 20 (2) 
tale forsterite anthophyllite 


The order of preference of Fe, Mn and Ni entering the various phases in the 
assemblages, and the partitioning of Mg between olivine and the other phases is 
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discussed by LIUMMIOUVIII alu Evans (1974), alu tne watter Gata are wiust® ated i in 
Fig. 173. The effect of the substitution of Mg by Fe on the dehydration 
equilibrium temperatures, calculated from these data, is shown to be insignificant 
for the substitution range present in the assemblages. 

Small concentrations of ilmenite, derived from titanoclinohumite, a few relics 
of which are also present, occur in the olivine, Fooo~-F09,, of the garnet lherzolite 
at Cima di Gagnone, Lepontine Alps. Titanoclinohumite is present in the Pen- 
ninic antigorite serpentinites at a number of alpine localities, and on this evidence 
Evans and Trommsdorff (1978) consider that an earlier metamorphism (green- 
schist facies) preceded the high-pressure- temperature assemblage, garnet - 
olivine - diopside - enstatite, present in part of the iherzolite. A subsequent 
metamorphic episode is also recorded in these ultramafic rocks as shown by the 
occurrence of amphibole-bearing assemblages, the time sequence of which is 

corded by the following associations: 


1. olivine + garnet + diopside + enstatite 


2. olivine + garnet + diopside + enstatite + magnesiohornblende 
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Fig. 173. Partitioning of magnesium between olivine and talc, diopside, tremolite and anthophyllite 
in metamor phosed olivine - diopside - antigorite within the aureole of tonalite, southern Bergell Alps 


(after Trommsdorff and Evans, 1972). X,,. = Mg/(Mg+Fe+Mn-+Ni). 
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3. olivine + chlorite + tremolite + enstatite + Cr-spinel 

4. olivine + chlorite + tremolite + cummingtonite + Cr-spinel. 

The cummingtonite in the last assemblage is derived from the retrograde reaction: 
9MgsiO; + H20 = Mg_SiO, + Mg7Sis022(OH)2 


The tectonic model favoured by Evans and Trommsdorff to account for the se- 
quence of nhase associations is one of high-nressure subduction zone metamor- 
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phism of crustal rocks that was later followed by uprise to lower pressures and 
subsequent Barrovian style regional dynamothermal metamorphism. 
The formation of olivine in serpentinite in the aureole of a post-tectonic 


granodiorite, Sultan- Darrington area, north Cascades, Washington, has been 
described by Vance and Dungan (1977; see also Johnson ef a/., 1977, on the stable 
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isotope compositions of olivine in the Darrington peridotite). Here the lizar- 
dite- chrysotile serpentinite has been progressively transformed as the metamor- 
phic grade increased, first to antigorite serpentinite, then to olivine-bearing 
serpentinite, at higher grades to forsterite-talc-tremolite assemblages. The 


early-formed olivine is highly maonesian, Fos-.,, and is characterized by a low 
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nickel (0°04 wt. per cent NiO) and a high manganese (up to 1°5 wt. per cent MnO) 

content. The latter feature is typical of olivines formed during the initial stages of 

deserpentinization and results from the strong preference of manganese for the 

orthosilicate in relation to the coexisting antigorite (Trommsdorff and Evans, 
a Pe: 


nd brucite are involved in the early formation of olivin 
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Mg;3S12.0;(OH), + Mg(O}l 1),= 2Mgz.Si0, +3H,0 
The growth of the olivine from antigorite is shown by its occurrence in cross- 


_ 


1 
cutting veinlets, the nucleation of w ich took place along trains of magnetite 
grains, and as small subhedral cryst als within the antigorite. The olivine is 
variable in composition, from grain to grain within individual hand specimens in 
the range Fog, to Fogg. It is associated with magnetite inherited from the parent 
serpentinite, indicating that the transformation of the lizardite-chrysotile 
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association to an olivine-bearing assemblage occurred under conditions of 
relatively high oxygen fugacity, in which the iron remained oxidized and bound to 
the magnetite with the consequential effect that only a small amount of iron was 
available to enter the olivine structure. 

Higher grade metamorphic assemblages occur in ] 
Mount Stuart batholith, central Cascades, Washingto n (Frost, 1975). Here the 
iow grade metamorphosed serpentinite consists of forsterite, (FO99-FO94) + 
serpentine, forsterite + serpentine + diopside and forsterite + tremolite + serpen- 
tine assemblages. In the higher grade zone of the aureole the first assemblage con- 
sists of forsterite + talc + tremolite + chlorite and chrome magnetite or fer- 


ritchromite, in which the olivine occurs either in mosaics of interlocking small 
grains commonly showing ‘communal extinction’ or, in the réecr ystallized sheared 
serpentinite, with an elongate schistose habit. With an increase in the metamor- 
phic grade this association is succeeded by a forsterite + talc, forsterite + an- 
thophyllite + enstatite and finally by a forsterite + enstatite assemblage. The 
development of the higher grade assemblages (Fig. 174), and particularly that of 
forsterite + anthophyllite + enstatite, is discussed by Frost with reference to the 
experimentally determined phase relations in the system MgO - SiO,- H20. 

The phase relations in reaction zones between metaserpentinite and mafic 
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[ Fo+ En + An ; KN 
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Fig. 174. 7-X plot for a hypothetical metaperidotite derived from serpentinite. Slopes are 
calculated from data of Evans and Trommsdorff (1974). Divariancy calculated on the assumption 
that the rock has the modal composition found in dehydrated serpentinite with iron and magnesium 
distributed between constituent minerals using K, values of 0°9, 0°22 and 1:2 for 
olivine - enstatite, ~ talc, - anthophyllite pairs, respectively. The reaction anthophyllite = enstatite + 
talc, as it is a forsterite-absent reaction, and the model assumes excess forsterite, is shown by a dotted 
line. Temperature scale, 1 unit = 20°C. Fo, forsterite; En, enstatite; Tc, talc; An, anthophyllite (after 
Frost, 1975). 


hornfels lenses within the Mount Stuart batholiths have been used by Frost (1976) 
to estimate the lower temperature stability limit of plagioclase-bearing peridotite. 
Assemblages compatible with both sides of the reaction: 


2Mg2SiO, + CaAl,Si.08 = 2MgSiO; + CaMgsSi.0¢ + MgAlI.0, 


are present in the reaction zones. The different compositions of the spinels 
associated with the olivine + plagioclase assemblage (richer in Mg) and the pyrox- 
ene assemblage (richer in Cr) are used to evaluate the effect of the varying com- 
positions on the equilibrium pressure of the reaction. 

In the Blue River arca, noi rthern British Columbia, serpentinites that origi- 
nated during a period of deformation from dunite and peridotite have undergone 
deserpentinization within the aureole of the Cassian granitic batholith (Pinsent 
and Hirst, 1977). Here olivine has been derived from the reaction serpentine + 
brucite > olivine + water, the newly formed olivine nucleating at sites of primary 
olivine and the growth taking place in optical continuity. The compositions of the 
metamorphic olivines vary with regard to their areal distribution and also within 
single crystals. The forsteritic content increased during growth and the outer 
margins have a uniformly high magnesium content, @ Foos;. The earlier formed 


cores are rich in manganese (up to 1-6wt. % MnO) and show a correlation with 


the grain size of the olivine, being higher where there ale fewer but larger crystals 
present, and lower where nucleation was more evenly distributed (Fig. 175). 
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Fig. 175. Variation of MnO with Mg/(Mg + Fe) ratio between cores and margins of metamorphic 
olivines in low grade metaserpentinites, Blue River, British Columbia (after Pinsent and Hirst, 1977). 


In the lower grades of the contact metamorphosed ultramafic rocks, consisting 
largely of serpentine minerals, in the aureole of the Pine Hill basic intrusive com- 


; ; 
NI da Rr thill Caltf, (Cc 107 1 
plex, western Sierra Nevada Foothills, California (Springer, 1974), olivine is 


associated with antigorite, tremolite, chlorite and Fe-Cr spinel. As the grade in- 
creases the amount of olivine present is greater due to the breakdown of an- 
tigorite to olivine + talc + water, except that in those rocks with a more silica-rich 
bulk composition the formation of anthophyllite takes place at the expense of 
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associated, in various assemblages, with orthopyroxene, hornblende, talc and 
Al- and Fe-Cr spinels, assemblages that are possibly partly due to a reaction of 
the type: 


MgAlI,O, + Ca2Mg;Sis022(OH). > Mg2SiO, + Ca.Mg,Al.Si;02.(OH), 


The compositional range of the olivine, Fos97.o-Fo0g9.6; is not related to the 
metamorphic grade but appears to depend on the bulk composition of the 
original ultramafic rock. 

Textural and chemical changes in the olivines of the aipine- “type ultramafic 
bodies, mainly serpentinized dunites, of East Dover, south-central Vermont, that 
accompanied the regional metamorphism of the upper greenschist to epidote am- 
phibolite facies, have been investigated by Hoffman and Walker (1978). Two 
olivine textural types are present in these ultramafic rocks, one showing strain- 


related features such as deformation lamellae, kink bands and undulose extinc- 
tion, the other displaying features considered to have resulted from recrystalliza- 
tion. The latter includes olivine coronas around opaque grains, elongate and in- 
terfingered and interlocking olivine crystals, annealed textures, grain boundary 


recrystallization and small olivine veins, the latter cutting olivines showing strain- 
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related features. The textural variations of the olivines are associated with a 


systematic chemical variation, their composition ranging from FO99- F093 in the 
least to Foos-Foo97 in the more recrystallized zones at the margins of the 
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ultramafic rocks. Comparable changes in the chemical composition occur in the 
associated spinels. 

The main chemical changes (based on analytical data) that accompanied the 
recrystallization may be illustrated by the reaction: 


100(Mg;. geo. 2)SiO4 + 1(Mgo. 4Fep. 6)(Cry. 44Alo. 56)O4 + 28: 2H,O +2: 3502 


Olivine, Fag, spinel fluid 
71:8(Mg).92Feo.98)SiOs + 7°05(Mgs.egFeo. :2)SigO 1o(OH) 
olivine Fog, (65°7%) serpentine (29-0%) 
+0: 67(Mgo. 65F eo. 35) (C Tr.16 6Alo .84)O4 +0: 79(Mgo. 3F eo. (Cro. gsFe?. *16)Og 
spinel (0-°6%) ferrit-chromite (0-7 %) 
+ 4:24(Mgo.iFeo.s)Fe2?*O.4 
magnetite solid solution (3:9%) 


In the case where the reaction is only partially complete the compositions of 
the solid solutions would be in termedi ate between those on either side of the 


equation. 

Provided a fluid is present and surface equilibrium is maintained between the 
silicate and oxide phases, the reaction e xpreseing g the end-member compositions is 
given by: 


6Fe,SiO, + O20 + 0, = neal + FeFe,0, 
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Between the central and mar f the East Dover ultramafic bodies the 


shift in X,,2+ is such as to increase ¢ the fugacity product by about 34, an amount 
that could ‘be brought about either by an approximate doubling of f, 0 OF X 10? in 
J,,, the latter being preferred by Hoffman and Walker (1978). 

"The development of orthopyroxene, Eno, from olivine porphyroclasts, FO90- 
F091, in the sheared peridotites of the Finero body in the Ivrea zone of northern 
Italy, and from Anita Bay, South Island, New Zealand, has been reported by 
Brodie and White (1978). In both peridotites small, cuspate, low birefringent 
areas with a higher SiO2 and lower magnesium and iron contents than the olivine, 
and equivalent to enstatite composition, are concentrated along the high-stress 
edges of some of the porphyroclasts. Others are surrounded by very fine-grained 
recrystallized orthopyroxene, the Al,O; content of which is lower than that of the 
relic original peridotite pyroxene, indicative of an apparent increase in pressure 
during the emplacement of the peridotite in a shallower environment. The precise 


transformation reaction process is not known but Brodie and White have sug- 


gested that the necessary SiO, required may have been derived from silica dis- 
solved in water present in the upper mantle. 

The formation of forsterite, Foos, and diopside, Wo4g.sEna9.sFS2.0, from 
serpentinite in intensely sheared zones in the serpentinized dunite and harzburgite 
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com mple ex at Tuolumne River, Sonora, California, has been described by Morgan, 
i978. In the sheared zones antigorite- forsterite- magnesite- magnetite and an- 
tigorite- forsterite- diopside- magnetite- calcite assemblages are developed in the 


antigorite schist by the reactions: 
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Mg;3Si205(OH), + MgCO; > 2Mg2Si0O, + CO? + 2H20 


antigorite magnesite forsterite fluid 
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antigorite calcite forsterite diopside fluid 


The reactions, on the basis of the regional stratigraphy, are estimated to have 
taken place at a load pressure of about 3 kbar, at which pressure, and with a fluid 
composition between nearly pure water and less than 5 mol. per cent CO:2, they 


should have occurred at a temperature of between 400 and 500 °C (see p. 102 and 
Fig. 61). Iron produced during the serpentinization of the primary olivine, Foo2, 
was not reduced or involved in the reactions that presumably occurred under con- 
ditions of relatively high oxygen fugacity. 

Metaserpentinites consisting of olivine, Fo 9; - Foos (0°30 wt.% NiO), tremo- 


lite, orthopyroxene (Ens:) and talc, and of olivine (Fos.. 3—-F0g7.6) hornfels con- 


mine Aacae we at oo re ee a ‘ 


sisting ofa variety of assemblages in which Lhe olivine is associated with cumm- 
ingtonite, magnesiohornblende, anthophyllite, orthopyroxene, spinel, magnetite 
and chlorite are developed in and around the Coolac serpentinite in the aureole of 
the Bogong granite, southern New South Wales (Irving and Ashley, 1976). The 
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hornfels are too rich i in alumina to represent low grade metasomatic readjustment 
within the serpentinite, and they have probably been derived from original 
metabasaltic and amphibolitic tectonic blocks that, on the basis of experimentally 
determined equilibria in the system CaO~-MgO-FeO-Al,0;-Si0O,-H.2O and 
the breakdown of Mg-clinochlore (Fawcett and Yoder, 1966), probably 
developed in a temperature range of between 430 and 690°C at P,, = P.,,,, of 
1-2 kbar. 

Olivine-bearing hornfels at the contact of an argillite, comparatively rich in 
magnesium, with gabbro has been described from southeastern Queensland 
(Phillips, 1959). 
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At Pioneer, Western Australia, olivine is a common constituent of the altered 
ultrabasic rocks of the greenstone beits. It occurs as megacrysts, Fog7-F07s5 in 
composition, and is associated with tremolite, anthophyllite, phlogopite, clino- 


pyroxene, chlorite, serpentine, talc and carbonates. Acicular tremolite is enclosed 
within the olivine, and Oliver and Ward (1971) consider that the orthosilicate is of 
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metamorphic origin. In other areas of the belt the metabasic rocks have a relic 
spinifex texture. These chiorite-tremolite rocks contain large olivine megacrysts 
with up to 37:5 wt. per cent of the fayalite component derived in part by the selec- 
tive replacement of chlorite under P- 7 conditions of the upper amphibolite 


facies 


Gwavo. 


Granulite facies olivine- bearing assemblages derived from original ultramafic 
rocks have been described from the contact aureole of the Nain complex (Berg, 
1977b) in which  olivine-plagioclase-augite-hypersthene and _ olivine- 
garnet - hypersthene granulite and gneisses are present (Table 10, anals. 12, 13) as 


well as the assemblage olivine- orthopyroxene- spinel 
aa “usr Una vps sow wpssinwd. 


Other olivine-bearing assemblages including amphiboles, talc, orthopyroxene, 


magnetite and chiorite have been described and discussed by Matthes (1971), and 
the role of olivine in eclogitization reactions by Lutts (1965). 
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gressive metamorphism of silice ceous limestone and do lomite, originally considered 
to precede the crystallization of diopside (Bowen, 1940) was later shown (Weeks, 
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1956a) to take place at a higher temperature than the pyroxene. The formation of 
forsterite in metamorphosed impure carbonate sediments under anhydrous con- 
ditions is illustrated by the reaction: 


2CaMg(CO;)2 + SiO2 > Mg2SiO,g + 2CaCO; + 2CO, 


Under more hydrous conditions in which tremolite appears as a product of the 
metamorphism, olivine is formed by a reaction between the amphibole and 
dolomite: 


Ca2MgsSigs022(OH),2 + 11CaMg(CO;). > 8Mg,SiO, + 13CaCoO; + 9CO2 + H,20 


and such a reaction has recently been described from the siliceous dolomites in 
the aureole of the Alta granodiorite, Utah (Moore and Kerrick, 1976). A 
forsterite—clinohumite assemblage is also present at this locality, and is probably 


due to the reaction: 
4 Mg.2SiO, + CaMg(CQO;)2 +H,07> Mg(OH)2.4Mg SiO, + CaCO;+ CO, 


The assemblages forsterite + diopside + dolomite + calcite + quartz and 


forsterite + dionside + tremolite + dolomite + calcite occur in the contact 
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metamorphosed siliceous dolomite in the aureole of the Kaizuki-yama granite, 
Gifu-ken, Japan. Formation temperatures of the two assemblages, derived from 
the temperature- composition relationships of the dolomite- calcite solvus, and 


equilibrium fluid pressure calculated from experimental data, are given as 553 
and SQ64 °C respectively by Suzuki (1977). 
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A regular sequence, from antigorite + diopside + olivine + tremolite + calcite, 
antigorite + dolomite + olivine + tremolite + calcite, antigorite + olivine + talc + 
magnesite, to antigorite + olivine + dolomite + tremolite + calcite, in the ophicar- 


bonate rocks within the aureole of the Bergell tonalite has been described by 
Trammedarff and Ruane (1077a) The farcterite + chlnrite + eninel 4+ dalamite + 
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calcite assemblage also occurs in impure dolomitic marbles in the contact aureole 
of the intrusion (Bucher-Nurminen, 1976a), as well as forsterite + diopside + 
phlogopite + calcite, forsterite + clinohumite + spinel + calcite and forsterite + 


xanthophyllite + clinohumite + spinel + calcite assemblages in the roof pendants 


(Bucher- Nurminen, 1976b). 


The olivine - orthopyroxene- carbonate rocks, sagvandites, in the basal gneiss 
complexes of the Norwegian Caledonides have been described by Schreyer et al. 
(1972), Ohnmacht (1974), Moore (1977) and Moore and Qvale (1977). Both the 
Olivine, Fogo- F097, and orthopyroxene, Engo-Eng;, are highly magnesian and 
the carbonate minerals consist of dolomite, magnesite (or breunnerite); phlo- 
gopite and chlorite are also present in some of the rocks. The olivine occurs as 
equigranular, polygonal granoblastic grains or in crystals elongated parallel to z; 
the pyroxene forms elongated laths and radiating clusters. There is no textural 
evidence of a primary magmatic assemblage, and whether the sagvandites have 
arisen from original serpentinites, the view favoured b oy Moore and Qvale, or 
directly from primary magmatic minerals, there is little doubt that they have 
developed during a period of regional metamorphism approximating to the am- 
phibolite facies. 

A mineralogical and textural inhomogeneity of the sagvandite assemblages 
was noted by Ohnmacht, and considered to indicate either limited chemical 
equilibrium on a regional scale or variation in the composition of the fluid phase 


and particularly of X.,.,. An alternative explanation has been suggested by Moore 
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and Qvale and relates to a decline in pressure and/or temperature at which the 
high grade assemblage originated, so permitting retrograde reactions such as the 
partial replacement of olivine by orthopyroxene porphyroblasts: 


Mg2SiO, + CO, + MgSiO; + MgCO; 


to take place in the presence of a CO,-rich fluid. An occurrence of sagvandite, 
olivine (FOg4.3-Fog7.9) at Berneray, Outer Hebrides, has been described by 
Livingstone (1965). 

The presence of olivine, associated with clinopyroxene, phlogopite and am- 
phibole, in the high grade metamorphic carbonate rocks from Calabria, southern 
Italy, has been reported by Bertolani and Ghittoni (1977). 

An occurrence of olivine, Fogs-Fog3, at the contact of dolomite with the 
nepheline syenite of the Synnyr pluton, USSR, has been described by Andreyev 
(1965), spinel- forsterite skarns at the contact of limestone with the nepheline 
syenites of the Tazheran complex, Lake Baikal, Siberia, by Konev and Samoilov 
(1974) and of forsterite, associated with fassaite, spinel, periclase and secondary 
monticellite and clinohumite, from magnesium-rich skarn deposits of southern 
Bulgaria (Ivanova-Panayotova, 1972). Forsterite, Fos;, together with lazurite, 
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nepheline, sodalite, Phliogopite, diopside and pyrites has been described from the 


/T1 TALL. 


Sar-e- Sang mine, Hindu- Kush, Afghanista n n (Blaise and Cesbron, 1700). 


Ironstones. The formation of fayalite in thermally metamorphosed iron-rich 
sediments was noted by van Hise and Leith as early as 1911. Its crystallization in 
the regional metamorphism of such sediments was also reported in collobriérite 
by Lacroix (1917), and in eulysites (e.g. Tilley, 1936). Another early account of 
the formation of fayalite, in the metamorphosed hematite deposits of the Harz 
within the aureole of the Brocken granite, is given by Ramdohr (1927). 


Recent studies of the metamorphosed rocks of the Gunflint and Biwabik Iron 
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Formations, presented by Bonnichsen (1969), Morey et al. (1972), Simmons e7 al., 
(1974) and Fioran and Papike (1978), have described iron-rich olivines in the 
medium and higher grade metamorphic rocks developed in these formations 
within the aureole of the Duluth complex. Here the lower grade rocks consisting, 


of the iron silicates, greenalite, minnesotaite, stilpnomelane, chamosite, the iron 
oxides hematite and magnetite, and the carbonates, siderite, ankerite-fer- 
rodolomite and caicite, are repiaced in the medium grade rocks by iron-rich 
olivines, ferroaugites and grunerite. In the more cherty compositions fayalite, 
Fo4- Fo2, is developed by the reaction: 


2FeCO; + SiO, = Fe2SiO, + 2CO, 


] may subsequently have undergone partial regression to grunerite: 


1 : 
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rocks, iron-rich olivines, Fo.3 13, are associated with in- 
verted nigeonite "Wo. sEn, FFsee ferroaugite, Wo,4oEn20Fs4o,_ iron-titanium 
oxides and grunerite, Fe/(Fe + Mg) 2 0°69. The formation of the olivine is due to 


thereactions: 
(Fe *Ms)Sl0 (OH). > 3(Fe, Mg).2SiO, + SiO, + 4H,0 


r 
i 
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fayalitic ovine 
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9(Fe,Mg)6SisO 10(OH):3 > 20(Fe,Mg)2SiO, + 2(Fe,Mg)7SisO22(OH),2 + 34H20 


greenalite fayalitic olivine grunerite 
3(Fe,N Vig) CO; + 2SiO, > (Fe, Mg).SiO, + (Fe yM g)Si0;+ 3C QO, 
siderite fayalitic olivine Fe-orthopyroxene 


(note that orthopyroxene with Fe/(Fe + Mg) ratio > 0°75 is unstable under the 
P-T conditions of the metamorphism). 

Retrograde reaction of the olivine to amphibole is also present in the higher 
grade assemblages, and is possibly due to the nucleation of the amphibole around 


fluid inclusions in the olivine. Small grains of iron oxide are associated with the 


asama 


retrograde process that may be illustrated by the following reaction representing 
the replacement of fayalite, Fog.s, by cummingtonite with 68°4 per cent Fe/(Fe + 
Mg): 


12°58 (Mg0.08sFeo.912)2S104 + H20 + O2 > (Mgo.316F €0.684)791sO22(OH)2 
+ 4°58Si0, + 6'04Fe;0, 


Comparisons of the compositions of the metamorphic olivines and tita- 
niferous magnetite, with those of the experimental data for the pure assemblages, 
fayalite- magnetite- quartz, indicated that the oxygen fugacity was slightly lower 


than that af the OFM hi fF a that t t 
than tnat of tne QrM outer, and that temperature and total pressure, based on 


the associated three-phase assemblage, orthopyroxene- pigeonite-augite, were 
respectively 2 800°C and > 2 kbar at the time of the metamorphism. 

To the southwest of the Dunka River section described by Bonnichsen 
somewhat lower metamorphic assemblages have been reported from a drill core 
in the Biwabik Iron Formation (Morey e¢ a/., 1972). Here olivine is found in both 
the cherty and shaly horizons but differs both in mode of occurrence and in com- 
position in the two rock types. In the cherty horizons olivine, compositions vary- 
ing between Fags and Fagg, is associated with magnetite and quartz; in the shaly 
layers the olivine, Fago-Fags, occurs generally in clusters or is concentrated in 
layers associated with grunerite, grunerite and hornblende or magnetite and 
quartz. The olivines exhibit a wide range in the content of manganese, from 0°2 to 
11-lwt. per cent MnO, and the more manganese-rich orthosilicates are better 
described as knebelites. There is no evidence in the relationship between 
olivine and grunerite to indicate that it has been derived from the amphibole, and 
the textural evidence suggests that the olivine formed from siderite. 

A comparison of the phase equilibria with those in the Dunka River area 
reveals significant contrasts. There, orthopyroxene is an abundant, and prograde 
grunerite only a minor, constituent in the metamorphic assemblages, whereas in 


the drill core, orthopyroxene i is absent and grunerite is an abundant constituent. 
It is thus clear that the metamorphic temperatures were lower than those of either 
the grunerite > fayalite or grunerite- orthopyroxene reaction. Estimates of the 
maximum temperature of the Dunka River metamorphism given by Morey et al., 
range between 650 and 750°C, and are lower than the earlier values of Bon- 


nichsen; in the southwestern area the estimated temperatures are between 400 and 
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OOU L. Olivine + quartz is stable relative to or thopyroxene where the Fe/ (re 7 


Mg) ratio is > 0-9 in the temperature range 600-700 °C, at P,,,,, of about 1 kbar 


Tota 


(Smith, 1971) (see Fig. 90, p. 129). The Fe/(Fe + Mg) ratios in the rocks of the 
drill core, 0°93-0°99 are higher than in those of the Dunka River section and the 


two different assemblages might be interpreted as the result of the breakdown of 


grunerite to fayalite and of grunerite to orthopyroxene respectively. The 
widespread presence of prograde grunerite in the rocks of the drill core, however, 
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indicates that the stability field of grunerite was not exceeded here, and the dif- 
ferent assemblages are most probably temperature controlled. 

An unusual occurrence of fayalite, with orthoferrosilite, ferroaugite and 
andesine, in a metagabbro in the Ryoke metamorphic zone, Japan, is described 
by Yoshizawa (1952) 
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The formation of fayalite, due to a solid state diffusion reaction at 


temperatures between 550 and 650°C during roasting treatment of hematite- 
quartzite, jaspilite, has been reported by Lean ef al. (1960). 


Ferrifayalite (see p.10 and p. 189), associated with hypersthene, augite, 
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magnetite, hornblende, plagioclase and quartz, occurs in a Pre-Cambrian 


metamorphosed iron deposit, Lai-he Village, Liaoning, northeastern China (Fer- 
rifayalite Research Group, 1976). 


Coronas 


In many basic igneous rocks located in high grade metamorphic terrains, the 
olivine is commonly surrounded by a number of successive shells that consist of 
various combinations of orthopyroxene, clinopyroxene, spinel, amphibole and 


garnet Thece chelle have heen deecrihed a m 
garnet. inese sneus nave oeen aescrioea as coronas, reaction rims, corrosion 


mantles and as kelyphitic borders. Their origin has been variously attributed to 
thermal metamorphism (Shand, 1945; Huang and Merrit, 1954; Friedman, 1955), 
to regional metamorphism (Gjelsvik, 1952; Murthy, 1958, and many later 
workers), to metasomatic reactions (Reynolds and Frederickson, 1962), 
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dynamic metamorpnism (Ellis, 1946), aS well as to deuteric reactions that occur- 


red during the last stage of magmatic crystallization (Herz, 1951; Frodesen, 1968; 
Rai, 1979). There is now a general concensus in favour of their development in a 
regional metamorphic environment in which the coronas were formed during 
cooling from subsolidus igneous temperatures at relatively high pressures. The 


art aln na ct ot ac af the carnna 
varying mineralogy ana structures of tne coronas, in conjunction with the ex- 


perimentally determined parameters of relevant reactions, can thus provide a 
semi-quantitative record of the changing pressure- temperature environment in 
which they equilibrated. 

Estimates of the pressures and temperatures at which corona formation has oc- 
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Currea, oasea on tne suosouaus reactions oetween olivine and plagioclase, and 


those derived from pyroxene geothermometric data include results from coronas 
in anorthosite, Sognefjord, Norway, © 10 kbar (Griffin, 1971); in metagabbros, 
Adirondack Mountains @ 8 kbar, @ 1000°C (Whitney and McLelland, 1973); in 


metagabbro inclusions in alkali lava, Otago, New Zealand, 11 kbar, 
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1100-1150°C (Price and Wallace, 1976); and in anorthosite, Majorq 


southwest Greenland, 6-9 kbar, 800°C (Meyers and Platt, 1977). 

The early stage in the formation of coronas results from the instability of 
olivine and plagioclase and their reaction to form orthopyroxene, clinopyroxene 
and spinel as illustrated by the simple equation: 


2Mg2SiOg + CaAl2Si203 > Ca Mg Si206 + 2MgSiO; + MgAl2O, 


In practice both pyroxenes are aluminous and have a higher Mg/ (Mg + Fe) ratio 
The plagioclase adjacent to the corona is is typically zoned and has a lower content 
of calcium towards the corona. 

In the more complex coronas the first reaction is followed by the development 
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of garnet and a less aluminium-rich clinopyroxene. The garnet nucleates first at 
the contact between the orthopyroxene and clinopyroxene + spinel zones formed 
during the first reaction and grows outwards at the expense of the latter shell. 
Concomitantly a new clinopyroxene zone may develop between the orthopyro- 
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development of the corona the primary olivine may be completely pseudomorph- 
ed by a mass of ortho- and clinopyroxene surrounded by a zone of garnet. 

Some coronas do not consist solely of anhydrous assemblages and the occur- 
rence of an amphibole, usually in the outer part, is not uncommon. Such 
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olivine - plagioclase reaction during ‘the post-magmatic cooling, and their forma- 
tion is not in general a consequence of a contemporary amphibole facies 
metamorphism. 

Texturally the pyroxenes and amphiboles in the corona shells display a radially 
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form. In those coronas in which amphibole is not present, their formation, at 
least within the volume of a hand specimen, is essentially isochemical. The crystal 
habit of the corona phases has been shown (Griffin and Heier, 1973) to be consis- 
tent with the relationship 6 = D/G where d is the width of the impurity layer (ele- 


mant nroacant in tha matriv haat nroaforoantially evolidad fram the erawina nhacal 
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D the diffusion rate of the impurity and G the growth rate along a fibre axis 
(Keith and Padden, 1963). This relationship is considered also to be consistent 
with the distribution of iron and magnesium in the compositional zoning as well 
as with the inferred changes in the pressure-temperature environment of the 
developing coronas. 

Many of the observations on coronas are included in the earlier accounts of the 
petrography of the basic and ultrabasic rocks occurring in the Norwegian 
Caledonides (e.g. Eskola, 1921; Brégger, 1934). More recently, interest in corona 
formation has been renewed not only on account of their intrinsic interest but, in 
view of the exper rimental!l data of synthetic and natural systems of relevence to 
possible corona reactions, as a means of estimating the P- 7 environment of their 
formation as part of the general tectonic history of the terrains in which they oc- 
cur. 

The well developed coronas in the hyperites of southern Norway, in which 
olivine is rimmed by an inner shell of bronzitic orthopyroxene and an outer shell 
consisting of a hornblende- spinel symplectite have been described by Reynolds 
and Frederickson (1962). These authors made a quantitative investigation of the 
chemical changes involved in the replacement of olivine by bronzite, and in a 
specific example showed that 5:6 g SiO> are required to be added, and 2:3 and 

5:2 g MgO and FeO respectively removed during the course of the reaction. 

A similar higher Mg : Fe ratio in the orthopyroxene, relative to the primary 
olivine, in the coronas in the basic and ultrabasic rocks of the layered Sulitjelma 
pluton, northern Norway was found by Mason (1967), so providing a positive in- 
dication that the compositions of the phases present in the coronas are incompati- 
ble with a late magmatic origin. Although the intrusion has been partially am- 
phibolitized the coronas are considered by Mason to have arisen during the slow 
cooling of the primary igneous phases, and are not directly related to the regional 
metamorphism responsible for the amphibolitization. 

The association of more simple coronas consisting of orthopyroxene, and am- 


phibole + spinel, and more complex coronas in which a Ral net shell has developed 
between amphibole and plagioclase in the Hiason gabbro, Bamble, south Nor- 
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way, has been interpreted by Frodesen (1968) as the result of two genetically 
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distinct CVCIILs, Here the simple COTOHMAS ale considei ed to have ALlIsell by deuter ic 
action and the garnet-bearing coronas during a later period of regional metamor- 
phism. 

In the Risor-Sondeled area of south Norway there is a complete absence of 
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olivine in th advanced stages of the corona formation, the final re 


esi 
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having oeen rep laced OY garnet. mere again the development Or tne corona is at- 
tributed to a long period of elevated pressure and temperature that occurred be- 

tween two major episodes of regional metamorphism. 
The complete replacement of the primary olivine in some of the hyperites at 
Odegardens Verk, Bamble, has been described by Glaveris ( 1970); see also Griffin 
man Tow sat, aL. 1 A 


and Heier (1971). in, tnese rocks tne olivine cores in some instances are repiacea 
by orthopyroxene and magnetite that are rimmed by garnet. An outer discon- 


tinuous zone of scapolite may also be present. 
Typical coronas with orthopyroxene, clinopyroxenes, spinel and garnet du 
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le to 
the two-stage reaction, olivine - + plagioclase > orthopyroxene + clinopyroxen ne + 
spinel ~ garnet, occur in anorthosites within the granulite facies terrain of 
Lofoten- Vesteralen, northern Norway (Griffin and Heier, 1969). Other olivines 


in these rocks, however, have developed magmatic reaction rims of clinopyroxene 
that have prevented reaction with the plagioclase, and in consequence coronas ar 
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absent around these olivines. 
Other examples of corona development attributed to slow cooling from initial 
high post-magmatic consolidation temperature include those found in the 


ultramafic and mafic rocks of the Seiland province, Norway (Gardner and 
Robins 1974), the basic-ultrabasic Raisduoddar-Hal’di complex. Troms. nor- 
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thern Norway (Bge, 1976), and the Precambrian gabbroic rocks, Thessaloniki, 
Greece (Sapountzis, 1975). Three and four zoned coronas of olivine, orthopyro- 
xene, clinopyroxene, two amphiboles, plagioclase, as well as two-zoned, olivine, 


clinopyroxene, amphibole, plagioclase- -type coronas are present in the latter gab- 
bros. The development of the amphiboles | is related by Sapountzis to the presence 
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ofa supercritical phase, consisting mainly of H,0, that also provided the medium 
through which the diffusion of (Mg, Fe) outwards and of (Ca, Al) inwards took 
place from the olivine- plagioclase interface. 


The coronas of the Seiland province consist of an inner shell of orthopyroxene 
and an outer rim of a svmplectitic intergrowth of orthopyroxene and sninel that 
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in the more extensively developed coronas, is partially replaced by a brown-green 
hornbiende. in this region, evidence that the corona had formed prior to a subse- 
quent amphibolite facies metamorphism shown by the surrounding sediments is 


provided by the post-formation deformation of the coronas. 
Three types of corona around olivine pods in the anorthosite of the Sognef 
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t 
area, Norway, have been described by Griffin (1971). The first type has an olivine 
core followed by successive sheiis of orthopyroxene, pale green clinopyroxene 
(5°8 wt. % Al,O3) and garnet that is succeeded by a complex zone consisting of a 
brownish clinopyroxene (10°5 % wt. Al,O3) and spinel. The plagioclase, An, in 


comnoasition immediately adiacent toa the nod chanoec within 1 cm to 
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Anss-Aneo, and to Anjo in the surrounding matrix. The second type of corona 
displays the same zonal arrangement, olivine- orthopyroxene-low Aji clino- 
pyroxene, but is then followed by a thin layer of pargasitic amphibole that 
precedes the garnet shell. The high-Al clinopyroxene + spinel shell of the type I 


corona 1c not present, hit the garnet zone in thic second tyne contains numerous 
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inclusions of clinopyroxene and spinel. In the third type of corona the olivine has 


o 
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been completely replaced, and the core now consists of orthopyroxene and is suc- 
ceeded outwards by shells of low-Al clinopyroxene, amphibole and garnet, the 
latter containing inclusions of either clinopyroxene or spinel; in some examples 
the garnet is partially replaced by hornblende. The three types of corona are con- 


sidered by Griffin to record an evohitionaryv sequence wherehyv type II developed 
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from type I by the outward growth of the garnet zone, the clinopyroxene and 
spinel inclusions in which represent remnants of the outer sheii of the type I co- 
rona. The third type marks the end stage in the sequence, in which olivine has 
completely disappeared and the garnet has been partially replaced by hornblende 


Or pyroxene- plagioclase - spinel symplectites 
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In the anorthosites of the Bergen arc, coronas of the Sognefjord type I are not 
found. Types II and III, however, are both represented and dispiay the same 
zonal sequence as the Sognefjord coronas. The minerals of the Bergen arc co- 


ronas by contrast display strong compositional zoning, and in the type II coronas 


hoth the orthonvroyvene and garnet chow increasing Fe and Mo and decreasing Ca 
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contents towards the clinopyroxene shell. In addition the orthopyroxene and the 
inner zone of clinopyroxene are richer in aluminium, and the amphiboie sheili, 
present in the Sognefjord coronas, is absent. The type III Bergen arc coronas con- 
sist of a core of orthopyroxene followed by shells of clinopyroxene and garnet (+ 


clinonvroyvene and/or cninel): the garnet ic zaned with calcinm increacines towardc 
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the adjacent plagioclase. A further development in the evolution of the coronas, 
type IV, is present in the Bergen anorthosites. This is distinguished particularly by 
the presence of a shell of plagioclase between the low-Al clinopyroxene and the 
garnet, and zoning of the clinopyroxene with (Ca,Mg) increasing and (Na,Si) 


. 
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The formation of the Sognefjord coronas has been considered by Griffin 
(1971) in relation to the experimentaily determined phase relations in the 
forsterite-anorthite system (Kushiro and Yoder, 1966) and melts of olivine 
tholeiite composition (Irving and Green, 1970). Their development, as illustrated 


in Fia 176 envisages solidification of the narant hacic maama at D < Q kbar 
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followed by slow cooling accompanied by an increase in pressure. This would 
result first in the reaction of olivine with plagioclase to form the orthopyroxene 
and Al-rich clinopyroxene + spinel coronas and later, at a pressure of about 10 
kbar, the reaction between olivine, pyroxene, spinel and plagioclase leading to the 
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formed in many of the coronas and finally, during a period of rapid decompres- 
sion, the formation of pyroxene, plagioclase and spinel symplectites followed the 
breakdown of the garnet. 

Symplectization of the garnet is not observed in the rocks of the Bergen arc 


araa Ite ralative ctahilty and the zaning nracant here area intarnratead hy Griffin 
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(1972) as the result of the persistence of a more prolonged period of high pressure 
as the temperature was declining. In contrast the decompression of the Sognef- 
jord rocks (Fig. 176) was more rapid and the rate of removal of material from the 
corona sufficiently high so as not to suppress the nucleation of the new phases 
that formed the symplectites. 

The chemical and physical conditions of corona formation, with particular 
reference to the orthopyroxene, spinel, (garnet) coronas in the olivine gabbros 
and troctolites of the Hadlington gabbroic complex, Ontario, Canada, have been 
investigated by Grieve and Gittins (1975). The orthopyroxenes vary in composi- 


tion from Ens. 1 to Efisg. 5 (maximum 1 mol. pel cent W 0); the Meg/ (Mg + Fe + 
Mn) ratios vary sympathetically with, and are invariably greater than those of the 
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Fig. 176. Possible pressure- temperature cooling paths of Sognefjord and Bergen anorthosites in 


relation to the experimentally determined reaction curves for olivine-pla 


formation of garnet of Kushiro and Yoder (1966) (after Griffin, 1972). 


associated olivines. The coronas are of two types, one with an inner rim of or- 


thopyroxene, the fibre axis of which is normal to the margin of the olivine, and 
an outer rim of amphibole with inclusions of spinel. The second type consists of 
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an inner rim of orthopyroxene followed by amphibole containing minor amounts 
of spinel, and an outer, generally incompiete, rim of garnet. 
The temperature of the corona formation, 850°C, estimated on the basis of the 


Mg- Fe partitioning between coexisting ortho- and clinopyroxene, on the assump- 
tion that eauilibrium was established between the newly formed corona or- 


wer ee Ree eg esses sue eae 


thopyroxene and the pre-existing magmatic clinopyroxene, indicates that the co- 
rona reaction took place at subsolidus temperatures. Quantitative calculations, 
based on the chemical composition of the corona minerals and of the olivine and 


plagioclase do not provide a satisfactory chemical balance. The discrepancy, 
however, is considerably diminished if the observed orthopyroxene- amphibole + 
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spinel contact is not considered to define precisely the Original olivine- 
plagioclase contact, and if the present composition of the olivine is not regarded 
as representative of its original composition. Thus Grieve and Gittins concluded 
that the subsolidus diffusion reaction between olivine and plagioclase involved a 


mieration of the reaction boundary towards olivine. and an accompanving 
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change towards a more Fe-rich composition of the orthosilicate. 

The development of coronas in the olivine metagabbros in two areas in the 
Adirondack Mountains has been studied by Whitney and McLelland (1973). In 
the southern area, olivine (Fos,4) is surrounded by a rim of orthopyroxene (Eng.) 


that in turn is partially or wholly rimmed by a clinopyroxene- spinel symplectite, 


the inner margin of which appears to mark the original outer margin of the 
piagiociase. In the northern area the olivine cores (some are repiaced by a mixture 
of fine-grained ortho- and clinopyroxene) are followed outwards by a pyroxene 
zone part of which consists of an inner shell of orthopyroxene with a crude radial 


orientation and an outer shell of randomly oriented clinopyroxene. Beyond the 


pyroxene shell there is a narrow band of clear plagioclase containing a small 
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number of grains of clinopyroxene and/or spinel that is succeeded by a rim of 
garnet. This later shell is in contact with and partially replacing plagioclase cloud- 


ed with small grains of spinel. 
The formation of the orthopyroxene-clinopyroxene- spinel coronas is il- 
lustrated by Whitney and McLelland by the reaction: 


(6 - 4x)(Mg,Fe)2Si04 + 3CaAl,Si2O8 = (3 - 2x)Ca(Mg,Fe)Si.0¢6 + 2xCaAl,SiOg 
olivine anorthite Al-clinopyroxene 
+ (6-4x) (Mg,Fe)SiO; + 2x(Mg,Fe)Ai2SiOg + (3 - 4x)(Mg,Fe)Ai,0, 
Al-orthopyroxene spinel 


where0< x< 0°75. 


The zonation of the coronas assumes that although Al and Si are relatively im- 


mohile the mavement af Al inwarde fram the nlaginclace tnongether with releacad 
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(Mg,Fe) from the breakdown of olivine moving outwards, is sufficient to provide 
the requisite compositions of the pyroxene and the above reaction may be ex- 
pressed: 


(6 + 2y - 4x)(Mg,Fe)2SiO, + 4x Al= 
(6 + 2y - 6x)(Mg,Fe)SiO; + 2x(Mg,Fe)AI,SiOg + (6 + 2y - 4x)(Mg, Fe) 


where x @ 0°1 and y is the number of formula units of anorthite per two albite, 
thus generalizing the reaction to any plagioclase composition. The (Mg,Fe) 
released in the above reaction reacts with the plagioclase and Ca; 


(4+ 2y - 4x)(Mg,Fe) + 3Ca + y CaAl,Si203 + 2 NaAlSi;O3 
= (3 + y — 2x)Ca(Mg, Fe)Si.0¢ + 2x CaAl,SiOg 
+ (1+y - 4x)(Mg, Fe)Al,O, + 2x (Mg, Fe)SiO; + 4xAl + 2Na 


the calcium involved in the reaction being released as follows: 
2Na + 2 (Mg,Fe) + 3 CaAl,Si2.0, = 2 NaAlSi;O, + 2(Mg,Fe)Al.0, + 3Ca 


A similar treatment is also presented for the development of the garnet-bearing 
coronas. 


With an albitic component 
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reaction occurs at somewhat higher pressures (Green an Hibberson, 1970; Herz- 
berg, 1976), while the presence of a fayalitic component in olivine lowers the 
pressure at which garnet first appears, and in consequence the amount of pyro- 
xene- spinel is likely to be less for natural basic compositions than for the simple 


forcterite— anorthite cvctem 
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To account for the different corona assemblages in the two areas of the 
Adirondacks’ coronites, Whitney and McLelland have suggested that they have 
developed along two different pressure-temperature paths. In the case of the 


apy ‘Dearing coronites in the northern area the olivine + plagioclase - > or- 


resent in the nlagioclase the olivine- plagioclase 
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This is illustrated in Fig. (177a) by path X and resulted from the magmatic intru- 
sion taking place at depth followed by cooling at constant or increasing pressure. 

The orthopyroxene-clinopyroxene- spinel coronites of the southern area are 
considered to have developed as the result of a prograde metamorphism initially 


involving a shallower intrusion that after consolidation moved to a greater depth 
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h. 
Hization of olivine, 
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clinopyrexene and plagioclase and the formation of a layered complex; (3) cooling of complex at a 
pressure of about 11 kbar, olivine and _ plagioclase unstable and formation § of 
orthonvroxene-clinonvroxene-sninel coronas: (4) xenoliths of sninel cabbro in lava brought to the 
orthopyroxene - clinonyroxene-sninel coronas; (4) xenoliths of spinel gabbro in lava brought to the 
surface with decreasing pressure and increasing temperature with the formation of olivine coronas 

s of spinel in the plagioclase Broke line, based -" aon m Kushiro and Yoder (1966), 


ents the subsolidus reaction, 
e and Wallace, 1976). 
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with consequent increase in both pressure and temperature aS snown by patn 1 
Simple overgrowths of orthopyroxene and orthopyroxene- magnetite symplec- 

tites around and sometimes completely replacing the primary cumulate olivine, 

Fogs-Fo72, as well as complex zonations consisting of orthopyroxene, clino- 


pyroxene, amphibole, spinel and garnet, are found in the norites, gabbros and 
troctolites of the Wateranga | layered intrusion, Queensland. The two types of cor- 
ona are considered to be related to two different and unconnected events, the sim- 
ple variety having a magmatic origin and the complex type being the effect of post- 


consolidational readjustment during a period of high temperature and pressure. 


Ambler and Ashley’ s (1977) conclusion that the orthopyroxene- magnetite 
symplectites are a magmatic feature is supported by the constant volume relation- 
ship between the two phases of the symplectite as well as by the apparent preser- 
vation of the original olivine grain boundaries. Further evidence of their 
magmatic origin is provided by (a) the presence of exsolution lamellae of ilmenite 
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in the magnetite and (b) the replacement of the symplectites by hornblende the 
composition of which is comparable with that of the late magmatic hornblende in 
the unmetamorphosed rocks of the intrusion, and (c) by the unaffected olivine 


having the same composition as that in the process of replacement. Assuming a 
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volume by volume replacement (with excess oxygen) Ambler and Ashley 
calculated the changes in MgO,: FeO and SiO, wt. per cent for the 


olivine- symplectite reaction: 


1 vol. olivine, Foe3.3 > 0°57 vol. orthopyroxene, Engg + 0°43 vol. magnetite (den- 
sities, olivine 3°63; orthopyroxene 3°44 and magnetite 5:20 g/cm’) as: 





3°63 g F063. — 1°96 Eteg + 2°2 g Fe30, 
MgO 1°13 2g > 0°49 g = loss 55 wt. % 
FeO 1:17 g > 2°50 g (equiv.) = gain 114 wt. % 
SiO, 1°33 g > 1:06 g = loss 24 wt. % 
It is obvious that simple oxidation of the olivine does not explain the imbalance 
between the reactants and the products, and Ambler and Ashley suggest that the 


formation of the symplectites was due to the instability of the cumulus olivine 
with the pore fluid. The composition of the symplectite phases was found to be 
dependent on the composition of the cumulus olivine, and must also be related to 


the composition of the pore liquid andtheo olivine -liquid ratio, as well as the Oxy- 


gen fugacity. The symplectite is considered to display a eutectic-like texture that 
arises from the simultaneous coprecipitation of orthopyroxene and magnetite at 
‘dispersed locations in a crystal mush where olivine was reacting with late-stage li- 


; 
quids’. 
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Typical olivine- plagioclase coronas, consisting of inner orthopyroxene and 


outer hornblende- spinel symplectite shells, are present in the metamorphosed 
gabbros and associated iron ores (orthocumulate olivine + intercumulus mag- 
netite, ilmenite and spinel) from Susimaki and Riuttamaa, southwest Finland 
(Lamoen, 1979). In some of the coronas a narrow orthopyroxene- spinel 


ts . cant 
symplectite zone is present between the hornblende- spinel shell and the relic 


plagioclase. Where the olivine is enclosed by oxide minerals the orthosilicate is 
replaced by an orthopyroxene- magnetite sympiectite, and single grains may ex- 
hibit orthopyroxene-hornblende- spinel symplectite shells at the contact with 
plagioclase, and an orthopyroxene- magnetite symplectite at the contact with 
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opaque oxides (Fig. 178). The formation of the olivine-plagiocla 


discussed by Lamoen in relation to the partial reactions: 
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olivine > orthopyroxene (inner shell) 
plagiociase > hornbiende + spinel + orthopyroxene (intermediate shell) 
plagioclase > anorthite + orthopyroxene (outer shell) 


on the basis that the coronas developed without a change in volume. This 
assumption is supported by the observation that the plagioclase, where it is entire- 
ly surrounded by intercumulus oxides, may display complete replacement by 


symplectite without any significant alteration. of the > enclosing oxides. 

The equations of the above partial reactions do not provide a satistactory 
balance for all the components of the reactions, and indicate that the closed- 
system corona model of simple outward and inward diffusion of Fe + Mg and Ca 


+ Al respectively across the olivine - plagioclase interface is an oversimplification 


of the reaction. "The development of the coronas in n the Susimaki pabbro, based 


on the actual compositions of the participati 
+ 


Mag + 0-26 LEO Flassd — 


1-0 olivine + 1°06 plagioclase + ' (0°28 Fe on74 INLB OT UD ra2y T1uiG 
1:36 orthopyroxene + 0°36 hornblende + 0°16 spinel + (0°31 Na + 0°37 Al) fluid. 


This equation shows that the addition of Fe and Mg to, and the loss of Na and 
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Fig. 178. Diagram showing replacement of olivine (1) by orthopyroxene (2) and orthopyroxene- 
magnetite symplectite (3). Hornblende-spinel symplectile shell of olivine- plagioclase corona (4). 
Opaque oxides (5) partially surrounding original olivine (after Lamoen, 1979). 


some Al from, the developing corona is required. The source of the Fe possibly 
resides in the concomitant replacement of opaque oxides by hornblende during 
the formation of the associated oxide- plagioclase coronas, and that of Mg from 
the replacement of olivine by orthopyroxene- magnetite symplectite. The Na and 
Al in excess of the phase requirements of the olivine- plagioclase coronas is pro- 
bably consumed during the development of hornblende in the oxide- 
plagioclase reaction. 

Granular orthopyroxene- magnetite intergrowths, partially or completely re- 
placing olivine also occur in some of the cumulates of the intrusion at Musgrave 
Block, Central Australia (Goode, 1974). The presence or absence of the symplec- 
tites is related to the composition of the primary olivine. Coronas have not 
developed around olivines more magnesium-rich than Fog,; in the compositional 
range Foz; to Fog, a fibrous or granular orthopyroxene occurs in the olivine but 
is restricted to sites around primary inclusions of magnetite. Typical replacement 
symplectites consisting of orthopyroxene and magnetite are present, however, in 
olivines with a compositional range between Fog; and Fo7s, and in more fayalitic 
compositions, as illustrated by the reaction for Foso, 3Mg2SiO,4 + 3Fe2SiO, = 
6MgSiO; + 2Fe3;04, and are considered by Goode to have formed by subsolidus 
oxidation. 

Although the compositions of the primary olivines in the great majority of cor- 
onas fall in the range Fogo to Foso, coronas as iron-rich as fayalite have been 
reported by Griffin and Heier (1973). Thus coronas between fayalitic olivines, 
FO029-F0;.9 and mesoperthite consisting of orthopyroxene and garnet are present 
in the Raftsund mangerite, e.g. core olivine and inner rim of orthopyroxene with 
compositions, Feo4.4 Mg2.3Mn3.3 and Fegs. :M2i0.3Mn3.¢ respectively. 

Rare metagabbro xenoliths, derived from olivine-clinopyroxene- plagioclase 
cumulates, showing corona structures occur in a lherzolite nodule-bearing alkalic 
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lava-flow dome in the East Otago alkaline province, New Zealand (Price and 
Wallace, I 1976). One of the xenoliths consists of rounded grains of olivine (Fo73) 
and diopside in a granular matrix of plagioclase (An4;). The olivine and diop- 
side are surrounded by a corona consisting of granular bronzite, clinopyroxene 
and spinel, and plagioclase + vermicular spinel similar to the coronas developed 
at high pressure as for example in the Norwegian Caledonides. Price and Wallace 
estimate that the reaction was initiated at a temperature of about 1100 to 1150°C 
at a pressure of about 11 kbar. Also present in the xenolith are fine-grained ag- 
gregates of olivine forming narrow coronas around grains of spinel in the 


plagioclase. These probably represent the partial reversal of the olivine + 


plagioclase > clinopyroxene + orthopyroxene + spinel t reaction resulting from the 
decreasing pressure and heating of the inclusion as the lava rose to the surface 
(see Fig. 177b). 

The role of water in corona formation has been examined by Esbensen (1978), 
based on his investigation of the amphibole-bearing coronas in the gab- 
bros, troctolite and ultrabasic facies of the Caledonian synorogenic stratiform in- 
trusion, Fongen, Trondheim region, Norway. The coronas consist of successive 
zones of olivine + magnetite, orthopyroxene + magnetite, green hornblende, 
plagioclase. Orthopyroxene- magnetite symplectites are commonly present in, 
and in some cases completely pseudomorph the olivine crystals. The symplectites 


Rei ae WEIRD VALI A PEN EEF Pe Eel eevee FAEh& APE ERE YEP OSD BERRIEN 


grade outwards into a radial arrangement of orthopyroxene fibres that constitute 
the outer part of the inner shell. The green hornbiende of the outer shell occurs as 
rods that develop from discrete centres at the (orthopyroxene- magnetite) - am- 
phibole interface, and the growth of the hornblende at the expense of the 


plagioclase is clearly indicated by its formation along adjacent cracks and grain 
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boundaries i in the feldspar. The dependency of the hornblende on ine access baty 
of water is also demonstrated by the location of the most extensively develope 
coronas close to amphibole-filled cracks. 

In those rocks of the complex in which interstitial or intercumulus brown horn- 


blende is present there are no indications of any mutual instability of the olivine 


and plagioclase, but a positive indication that the coronas are not a product of 
late magmatic crystallization. In other rocks of the complex the development of a 
strongly pleochroic amphibole at the expense of the green hornblende of the outer 
corona rim, and the replacement of the orthopyroxene of the inner shell and cen- 


tral pseudomorphosed olivine by cummingtonite record the beginnin ng of a post- 
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The presence of the inner orthopyroxene- magnetite sympiectites in the 
Fongen coronas has been used by Esbensen to evaluate the effect of water on co- 
rona formation, and to provide a Tough indication of the equili brium pressure - 


3MgFeSiO, + H2O = 3MgSiO; + FeO.Fe20; + H; (t) 


is relevant to the role of water in that its dissociation provides the oxygen fugacity 
responsible for the oxidation of the iron released and for the crystallization of the 


. . . . one 
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have been determined and the phase equilibrium of the process can be expressed: 
n.FoO42 +m. Angg + q.H,0= a.Eneg3+ 0. FeOFe203 +c. Amph. + d.H,2 


om 4 


€ 
= tha th watar a anaA A V = AY 
that Pu 20 Prat tnat tn & watell a 


< 
Oy, alu 4 Y teac Olio 


Olivine Group: Olivine — 277 


(i.e. the change in the volume of the solid phases is insignificant in comparison 


with that of the water), Esbensen has used the equation: 
(A Syed reac \ [-AH \ 
Juso = eXp \—] exp \ 


to calculate the univariant pressure-temperature curve for the reaction. The 
pressures obtained, 0°5-1°0 kbar, in the temperature range 700-900°C are 
relatively low. Notwithstanding some uncertainties in the thermodynamic data 


used, however, the water pressure necessary for corona formation appears to be 
of asmall order of magnitude. 

At Fongen, as in other areas of the Norwegian Caledonides, the coronas are 
considered to represent a ‘fossil’ record of the olivine- plagioclase reaction that 
occurred at an early stage in the cooling history of the igneous rocks, during 


which the re- equilibration of the primary olivine- plagioclase assemblage was 
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controlled by the environmental pressure ana toa lesser degree by the availability 
of water. Much of the overall diversity of corona textures and constitutions is 
probably also related to the variable roles of water, P,, in relation to P,,,,), 
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catalyst, within the general framework of subsolidus cooling at high to moderate 
pressures. 

Coronas in the metagabbros of the Allalin ophiolite intrusion, Valais, 
Switzerland, showing relict olivine surrounded successively by zones of ensta- 
tite- anthophyllite- chlorite- garnet have been described by Chinner and Dixon 
(1973). At a more advanced stage of the alteration the original olivine sites, now 
only recognized by the preservation of the garnet shell, are occupied by various 
mineral combinations of talc, omphacite, glaucophane, chloritoid, hornblende, 
rutile, magnetite, and sometimes by chlorite and kyanite. 
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an optically positive chlorite, probably penninite, and an outer rim of tremolite 
adjacent to plagioclase, have been described from the St Stephen norite, New 
Brunswick (Dunham, 1950). 


Meteorites 
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Olivine occurs in many types of meteorites (Table ii, p. 42) and in the chon- 
drites is commonly the most abundant crystal phase. The chondrite olivines, 


although varying Over a wide range of composition, from extremely magnesium- 
rich . FO;99- Fog; in enstatite chondrites (Binns, 1967; see also Mason, 1966), 


are sredominantly of Fa,7-Faj 9 composition in the so- ‘called olivine- bronzite, 
and Fa23- Faz. in the olivine-hypersthene chondrites. The compositional distribu- 
tion of the latter two types, based on Mason’s (1963) compilation of some 800 
analyses, is illustrated in the histogram of Fig. 179. Other compilations include 
data on SO amphoterites (Mason and Wiik, 1964), 11 mesosiderites, Fo 3;— Fo; 
(McCall, 1966a) and 13 iron meteorites (Mason and Wiik, 1964). A small selec- 
tion of olivine compositions, expressed as mol. per cent Fe2SiOu, from various 
types of meteorites are shown in Table 29. 


The main characteristics of the olivine in the three types of carbonaceous 
chondrites are detailed by McSween (1977a; see also McSween, 1977b). Two 
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types of chondrules are present in the C30) chondrites, the olivines of which 
have a compositional range of between Foi09 and Fogo, and occur in subhedrai to 
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Fig. 179. Distribution of olivine composition in olivine-bronzite and olivine-hypersthene chondrites 
(after Mason, 1963). 


anhedral crystals. There is no chemical zonation although the olivine population 
as a whole displays an inverse correlation between FeO and CaO but no apparent 
relationship between FeO and MnO. In the second type of chondrule the olivine is 
generally euhedral and porphyritic and has a compositional spread of Fogs- Fos2. 
The zoning pattern is normal from more magnesium-rich cores to more iron-rich 
rims. Isolated olivine crystals are also present in these chondrites and correspond 
compositionally with the C2 and C1 type chondrites described below. 

Although aggregates of olivine grains are relatively abundant, olivine chon- 
drules are rare in C2 chondrites. The compositional distribution shows a peak at 


tr Ba kl wth 
about Fogg, as well as a spread of more iron-rich grains to Fo4;, comparable with 


that in the C3(O) chondrites. In the CI chondrites olivine is a much less abundant 
constituent but, as shown by the histogram for 52 grains in the Orgueil meteorite 
(Fig. 180) the composition ranges from Foioo to about Fos7 (Kerridge and Mac- 


dougall, 1976). In the Orgueil chondrite the more magnesium-rich olivines con- 


’ ; 4 ta Sé t Oh Cal>\ that ch littl 
tain variable amounts of calctum (up to 0°56 wt. % CaO) that show little or no 


relationship to the iron content, in marked contrast to the strong correlation 
between caicium and iron in the more iron-rich grains. Some of the olivines are 
zoned; the zoning, however, does not coincide with the vestigial faces but is 
related to embayments in the crystals (Fig. 181). This difference in the type of 


t tha C1 ch arit daiffioaule ¢ t th wth fr 
olivine zoning present in the Cl chondrites is difficult to equa’ with growtn trom 


a chondrule melt, particularly as normal zoning is shown by the olivine in C3(O) 
chondrules, and Kerridge and Macdougall have suggested that the iron-enriched 
zones of the olivine of the C1 chondrites are probably the result of a late stage 
alteration. 
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McSween (1977a) and, although there is some petrological evidence to the con- 
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Table 29. Olivine composition (Fe,SiO, mol. per cent) in meteorites 














Fe,SiO, 
Type (Mot, %0) Name Reference 
Chondrite 0°3-0°5 Indarch Binns, 1967 

~ 10 Pontlyfni Graham et al., 1977a 

0:2-1:9 Kota-Kota Binns, 1967 

0:0- 60:0 Bali McSween, 1977c 

0-0- 32:0 Vigarano Hutchison and Symes, 1972 

3:0-9°0 Kakangari Graham et al., 1977a 

9-50 Allende Clarke ef al., 1970 

14 Renqiu Wang et al., 1977a 

18 Belly River Mason and Wiik, 1967 

19 Rose City Mason and Wiik, 1966b 

19 Assisi Levi-Donati, 1967 

19 Ipiranga Gomes et al., 1978 

22 Kesen Miyashiro, 1962a 

22 Nadiabondi Christophe-Michel-Lévy er a/., 1965 

23 Farmington Buseck ef al., 1966 

23 Rewari Das Gupta et al., 1979 

23 Sharps Dodd, 1971 

24 Bluff Mason and Wiik, 1967 

25 Barwell Jobbins ef al., 1966 

26 Kyle Fodor et al., 197] 

0-34 Chainpur Keil ef al., 1964 

0- 43 Orgueil Kerridge and MacDougall, 1976 

18-34 Manych Dodd, 1978 

0 Mayo Belwa Graham et al., 1977b 

65 Nakhla Prior, 1912 

67 Governador Burragato ef al., 1975 

Valadares 

64-68 Lafayette Boctor et al/., 1976 
Ureilite 19-21 Kenna Berkley et al., 1976 
Amphoterites 27-31 (range in 50) Mason and Wiik, 1964 
Mesosiderites 7-19(25) (range in 25) McCall, 1965 

9 Mount Padbury McCall, 1966b 
Octahedrite 4 Woodbine Mason, 1967a 
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trary, a case is put forward supporting the thesis that the characteristic features of 
the C3(O) olivines were acquired during the crystallization of the parent chon- 
drule melt. This event was followed by the subsequent break up of the chondrules 


that led t tha nraductian af tha diccrata aliyvine gra Sa e fo atures of hath C1 
tnat wu to tne pr VUULLIVUII UI tne WMLOVl ete oivine i ains. some waluIvo VI UVLLLNd 


and C2 olivines may have been derived in a similar way; thus the olivine ag- 
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Zoned olivine grain from Orgueil meteorite showing contours of iron (and calcium) enrich- 


umbers give FeO content in wt. per cent (after Kerridge and MacDougall, 1976). 


gregates in the C2 chondrites could represent accumulations of degraded chon- 
drule material. Evidence that these olivines, and those of Cl chondrites, had 
originally crystallized from a melt is also provided by the presence of glass in both 
Cl and C2 olivines. 
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Olsen and Grossman (1978), from their Stuay O1 olivine in the Murchison C2 
meteorite, support the alternative view, namely that a great majority of the 
isolated olivine grains in the matrix of this chondrite have not undergone melting 
in a chondrule-making stage, but formed by direct condensation from a solar 
nebular gas. In the Murchison chondrite some > aggregates consist of clusters of 
olivine grains at the centre and are surrounded by laths of low-calcium pyroxene, 
an improbable arrangement if the aggregate had formed by random fragmenta- 
tion. Moreover many of the olivines enclose micrometre-sized blebs of 
chromium-rich Fe-Ni alloys as well as blebs of Ca-Al-rich glass containing 
minute gas bubbles, that are similar to those present in the isolated olivine grains. 
Further arguments advanced by Olsen and Grossman in favour of a condensation 
origin relate to the olivine grain-size distribution in the aggregates, isolated 
crystals in the matrix, and in the chondrules, as well as to the morphology of the 
aggregates. An unusual feature of some chondrules in the Murchison meteorite is 


the ‘Dresence of 4-20 ym thick and 175-450 pm long olivine plates interlaminated 
with glass ( (Fig. 182), the break- up of which could have given rise to the observed 
grain size distribution of the angular olivine fragments but not to euhedral 
crystals. 

The formation of olivine (and other constituents of ordinary chondrites) by 


condensation from a gas of non-solar composition according to the reactions: 
Si0(g) + 2F eg) + 3H20¢¢) = FeSi04c) + 3H 2) 
Si0(g) + 2Mgq) + 3H20¢) = Mg2SiO4¢) + 3H x) 


at a pressure of about | atm (prior to hydrogen loss) has been discussed by Hern- 
don and Suess (1977). 


In the Dhajala (Gujarat State, India) meteorite the composition of the olivine 
varies from fragment to fragment. In some the olivine in the chondrules is Fojo0 
but where adjacent to the groundmass it is Fogo, while in the groundmass itself the 


composition varies between Fo97 and Fog,. More iron-rich olivines are present in 
some fragments with chondrule and groundmass composition of Fos, and Foss 
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respectively. A more extreme variation is exhibited by the olivines in a lithic frag- 
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Fig. 182. Fragment of barred olivine chondrule in Murchison chondrite. Forsterite plates are in- 
terlaminated with glass that has been converted to green phyllosilicates (Olsen and Grossman, 1978). 


ment, the chondrule olivine varying from Fogs-Fo7. compared with the com- 
position Foo7 in the contiguous groundmass. Some replacement of olivine by 
pyroxene has occurred, and pyroxene coronas around olivine and separating it 
from the fine-grained groundmass are also present, and may be due to a peritectic 
reaction between olivine and melt (Das Gupta ef a/., 1978). 

Olivine, Fo77, of the Sharps chondrite (Dodd, 1971) has a high content of 
calcium (1:70 wt. %) and encloses small insets (1-5 yum) of ferroan monticellite, 
Cao.s9Feo.4;Mgo-66Alo.02SiO4, spinel (Feo. 41Mgo.s9)(Fe**o.06Cro.23Al1.69- 
Sio-01Tio-01)O« and fassaite, Cao.o6(Mgo.soFe?*o.01Fe?*0. 161 i0.07Alo. 18)- 
(Si,.s3Alo.47)O«¢. It has been suggested that the inclusions may have exsolved 
from a homogeneous olivine, either during cooling or during a period of 
moderate reheating of the chondrule. The presence of fassaite, however, is dif- 
ficult to interpret; it may have resulted from reaction of monticellite with spinel 
although the content of silicon in the pyroxene could not have been derived solely 
from the original olivine. 

An unusually high content of chromium is present in the olivine phenocrysts 
(Table 11, anal. 4) in the microporphyritic xenoliths of the St Mesmin chondrite. 
The olivine is marginally zoned with FeO, CaO, MnO and Cr.O; varying from 
10 to > 30, 0°1-0°4, 0°2-0°8 and 0°2-0°7 wt. per cent respectively. The sym- 
pathetic variation of iron and chromium is in contrast to that shown by olivines 
of the lunar mare basalts, in which chromium displays an inverse relationship 
with iron. This difference in the behaviour of chromium is considered by Dodd et 
al. (1975) to be due to the coprecipitation of olivine and a Cr-spinel in the case of 
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the lunar basalts, compared with the early precipitation of olivine and its con- 
tinuation as the sole phase until more than haif of the meit had solidified. 

Both magnesium and iron-rich olivines are found in the Mezo-Madaras chon- 
drite (Dodd ef al., 1966), the associated phases of which include (Fe,Ca)-poor cli- 


noenstatite—clinghronzite and merrihneite (K > Na).f(Fe > Ma).Si..0.. The 


ARWWALOLALALY WARAENSUE RAEI CALNE SAAWELEEEUUIUY, LER LNG@ZZVE ” VE) 511 ZN 50> ALLY 


mean compositions of the olivines in three merrihueite-bearing chondrules are 
Fo32, FO309 and Foz, in contrast to the mean compositions respectively of Fogas, 
Fos; an Fog. in three closely associated merrihueite-free chondrules. The 
assemblage iron-rich olivine-clinoenstatite-merrihueite is not an equilibrium 


i It 
association, and Dodd et a/. have suggested that it may have formed as the result 


of the introduction of ferrous iron into an original clinoenstatite- quartz- mer- 
rihueite assemblage after fragmentation of some of the chondrules prior to enter- 
ing the meteorite, and is not a manifestation of post-agglomeration metamor- 
phism. 


A wider compositional spectrum is shown by the olivines of the Murray, Ken- 


tucky, carbonaceous chondrite described by Fredriksson and Keil (1964). The 
range, determined from measurements on 63 grains, showed a variation in Fe/(Fe 
+ Mg) between 0:3 and 91:2 mol. per cent. Such large differences in composition 
are not compatible with formation from a single source, and indicate that the 
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chondrite was constituted from material derived from a number of different en- 


vironments that were subsequently mixed mechanically. 

In the Kenna ureilite (an olivine-pigeonite achondrite) the olivine has 
homogenous cores with compositions between Foj3.5 and Fogo.« (Table 11, anal. 
2) and high contents of calcium (0°42 wt % CaO) and chromium (0°63 wt. % 


“ . ny 
Cr2Q3). Adjacent to the carbonaceous matrix the margins are altered and show 


an initial sharp and then a more gradual increase in the MgO/(MgO + FeO) ratio 
to a composition of about Fogo at the extreme edge (Berkley eft a/., 1976). This 
forsteritic rim, < 200 um in width, is considered to have formed as the result of a 
prolonged period of high temperature during which reactions of the following 
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2C + Mg,SiO, + Fe,Si 
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The olivine exhibits a weakly foliated fabric with < 
plane of foliation, anda maximum parallel to th 
crystals show evidence of plastic deformation such as u undulose exti 
kink bands resulting from slip parallel to [100]. 

The most fayalitic olivines generally occur in achronditic meteorites, in which 
they are often associated with relatively iron-rich pyroxene and sodian 
plagioclase. Such an association is present in the Lafayette achondrite with the 
olivine containing between 64 and 68 wt. per cent of the fayalite component, and 
interpreted as an intercumulus phase with augite, Wo39En39Fs22, and plagioclase, 
OrsAbe3;An33 (Boctor et al., 1976). Other meteorites with iron-rich olivines in- 
clude the Governador Valadares, Brazil, achondrite with olivine Fo3; (Burragato 
etal., 1975), § and the Nakhla, Egypt, achondrite with olivine Fo3s (Prior, 1912). 
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meteorites, Australia (Binns, 1970, Binns eft a/., 1969) and in the Catherwood 
meteorite, Saskatchewan (Coleman, 1977). 


Lunar Rocks 


An extensive literature relating to the compositions and occurrences of olivine in 
lunar rocks and soils is contained in the Proceedings of the Lunar Science Con- 
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ferences published as Supplements | to 14 in Geochimica et Cosmochimica Acta 
(1970- 1980). A review and many references concerned with the olivine of lunar 
material has been presented by Frondel (1975). The brief account given here is 
restricted to a few of the more important features of their composition (see Table 


12. n, 43), hahit and occurrence 
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Olivine is one of the main constituents of lunar rocks and although the majori- 
ty are magnesium-rich, fayalite compositions aiso occur and the compiete range 
of the olivine solid solution series is represented. Some of the most magnesium- 


rich olivines, Fog4,-Fogs, have been described from a spinel troctolite of the 
Apollo 16 magnesio-feldspathic } Highland rocks (Brown, G.M. et al. , 1973), and 
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like other forsteritic olivines are the products of early crystallization. ‘In some in- 
stances evidence of the reaction of the Mg-olivine with the melt is recorded by the 
presence of olivine cores rimmed by pyroxene. Other occurrences in which olivine 
occurs as an early product of crystallization but in which there is little indication 


of a reaction relatinonshin with the melt ic dicnlaved by the vitronhvric and 
wa u“ aWwOaWVtIwval SWAG LAW LOLA WVAUaE tsi asi aw Migpruuayuue Laliv VULNS pAbyiin “niu 


variolitic basalts of Apollo 17. In these rocks the modal olivine (@ 2- 10%) is con- 
siderably in excess of the normative olivine (# 0°3%). Many of the olivines have 
thin overgrowths of calcic augite, and the lack of reaction with the melt may be 


due either to rapid cooling or to armouring by the pyroxene, or a combination of 
hoth factarc (Papike or al., 1Q7A\ Tranerich alivinec En... and Fa. fram fear. 
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robasalt and ferrogabbro fragments in the Mare Crisium soils are reported by 
Vaniman and Papike (1977a). (See also Coish and Taylor, 1978). 
The occurrence of fayalitic olivines is mainly restricted to the mesostasis of the 


basalts in which they form one of the late stage products, that include 


erictonhalite nuroayvferronite and ferrnhedenheraite af racidual linuide lo Rrnauwn or 
CriswOOd ire, PyPOA Cr rOw’ ana rerPOoneacmoer ei’, Gi res Gud 1iQGulgs ce, g. DiUwil Ee 


al., 1971; Table 12, anal. 7). A specimen from Oceanus Procellarum (E) Goresy 
et al., 1971) contains fayalite in the compositional range Fos- Fo 2. These iron- 
rich olivines commonly enclose rounded blebs of glass with high K,Ca,Al and Si 
contents. An unusual occurrence has also been reported in which the olivine 


(anal. 6) has formed asa reaction rim hetween ilmenite and pyroxen 
B@o ALWIL oD CAWLAWZEL LASALLE UU VUE umenie al au PI oxene. 


Many lunar olivines exhibit strong zoning, e.g. from Fogo to Fogo in some 
vitrophyric basalts (Papike et a/., 1974), from Fo;, to Foss in the phaneritic, very 
low Ti basalts of the Apollo 17 drill Core (Vaniman and Papike, 1977) and from 
Fo¢7 to Foss in basalts frem the Ocean of Storms (Carter ef al/., 1971). More ex- 


tencive zoning fram Fo... ta Fa,, hac heen renarted hy Muchirn etal (10979) (Cao 
UWabOL VY LWalabify ALVIN RYT] UY EVA] GO VEN LU PULieM UY NUS Ci Ui., ee a 


also section on optical and physical properties, p. 188). 

Olivine is commonly either anhedrai or subhedrai in habit, but euhedrai 
crystals are present in some lunar rocks. Skeletal forms have been described from 
magnesium-rich picritic rocks (Drever ef a/., 1972), and the occurrence of olivine 


in very cmall fon ta 0:02 mm) cnherec (nrecumahbly davitrifiad glace) hac haan 
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reported by Hollister (1973). Symplectitic intergrowths of spinel and two pyrox- 
enes enclosed in olivine crystals have been described from a variety of lunar rocks 
(Bell et a/., 1975). 

Some lunar basalts include two or more generations of olivine, e.g. large, 


a 5 mm. cuhennant ckeletal crvuctale with enre camnncitinne af BFa_._ Ena and 
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small 0:1-0°5 mm matrix grains with a non-skeletal habit Fo.g3- Foss in composi- 
tion in Apollo 17 rock 71597 (Warner et al., 1977). In Apollo 14 basalt 14072 
olivine occurs as large corroded phenocrysts showing complex zoning with core 
and margin compositions of Fo75 and Fog; respectively. The phenocrysts contain 


incluicinne af Al_ Mo chramitea and meatal fraa cilicate malt nda ehararta ad 
AEANAUOQIVELSO VE OM ivagS Vill omite ana metai- LLY OILIVALY meit, ana are cnoar acter ized 


by symplectic Cr-rich metal- bearing decorated dislocations. Unzoned olivines 
with a compositional range Fo4s-Fos2, enclosed in clinopyroxene and 
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plagioclase, and small grains of hortonolite, Fo3s, in the matrix, are also present 
in the basalt (Haggerty, 1977). 

Olivine compositions are closely related to the main categories of lunar rocks 
(Smith, J. V., 1974). In the ultrabasic rocks the olivine compositional range is 


from Fog; to Fog;, e.g. Foo, in an olivine- pyroxene - plagioclase ultrabasic clast 


in Apollo 15 breccia rake sample 15360 (Steele e¢ a/., 1977), in rocks of the anor- 
thositic~ noritic-troctolitic (ANT) suite from Fogs to Fogs, and in the iron- and 
titanium-rich mare basalts (FETI) from Fo79 to Fo30; the latter basalts also com- 


monly contain small amounts of fayalite among the products of the final residual 
liquid In thea WDEED hacalte ehin & RBPEE D T7r Ba, U and Th anlhivine ic 
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ly a rare constituent or may be absent altogether (see also Stoffler and Knoll, 


1977). 
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The members of the fayalite-tephroite series have a restricted paragenesis and 
are found associated with iron- manganese ore deposits and metamorphosed 
manganese- rich sediments. The nomenclature used to describe this series (Henri- 
ques, 1956), fayalite (Fa 100-90 mol. %), iron knebelite (Fa 90-70), knebelite 
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ferent in pattern from the classification of the (Mg,Fe)-olivines, has been ac- 
cepted because of the well established use of the name knebelite for a wide range 
of intermediate compositions. The term picrotephroite is sometimes used to 
describe magnesium- -rich varieties, and roepperite for those with appreciable con- 
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mineral, and tephroite from the Greek fephros, ash-coloured. 
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Structure 

The isostructural relationship of tephroite and knebelite with forsterite and 
fayalite is illustrated by the intergrowth of tephroite with alleghanyite: the com- 
position of the latter mineral can be expressed as 2Mn,SiO,. Mn(OH,F)2. The 
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drodite was confirmed (Smith et a/., 1944) by the unit cell dimensions | of these 
minerals (Table 30). The d,39 spacing for synthetic tephroite is 2° 8697A (Y oder 
and Sahama, 1957): the tephroite cell dimensions in Table 30 are for the mineral 
from the Benallt Mine (Smith ef al. ey) X-ray diffraction data were given by 
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Tabie 30. Celi parameters of tephroite and reiated minerais 


Forsterite Fayalite Tephroite Glaucochroite Alleghanyite Chondrodite 


a(A) 4°756 4°817 4-90 4-92 4°86 4-74 
b(A) 10°195 10°477 10-60 11-19 10°46 10°27 
c(A) 5-981 6105 6°25 6°51 8-3 7:87 
B — — — — 109°08' = 109° 02' 





The cell dimensions of three Swedish knebelites (Henriques, 1956) and four 
knebelites from the Bluebell Mine, British Columbia (Mossman and Pawson, 
1976) are listed in Table 31. The cell parameters of synthetic tephroite are given as 
a 4875; b 10°521, c 6238 8A, and a 4:904, b 10°567, c 6:254A by Finch et al. 
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noenmncitinn (man a af Ay achy ata\ via 
Composition (mol. %) @uaAy) OVA) CiAS FIA) 
Mn,SiO, Fe,SiO, Mg,SiO, 
14°8 82°6 29 4°834 10°518 6°11 310°71° 
28°4 68'8 2°8 4°832 10°58 6°137 313°075° 
29:5 67°5 3-0 4°844 10°552 6°135 313-563? 
31+] 64:1 4-7 4°828 10-549 6109 314°135° 
35°4 §7°5 71 4°843 10°556 6°133 313-54? 
38°0 58:0 40 4°842 10°552 6° 136 313-558 
51:0 45°3 3°7 4°854 10°602 6°162 317-117 
Henriques (1956). a - ; 


Mossman and Pawson (1976). 
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Although the replacement of Fe by Mn in the series fayalite-kne- 
belite-tephroite is accompanied by an increase in the cell dimensions, due to the 
contrary effect of relatively small amounts of Mg these parameters are not 
suitable for precise estimates of the composition of members of the series. More 
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(see Fig. 187) for the forsterite- fayalite-tephroite series, based on di30 values 
and # refractive indices of 25 olivines, constructed by Mossman and Pawson 
(1976). Burns and Huggins (1972) deduced from infrared spectra that in Mg- Mn 
and Fe- Mn olivines there is preference for Mn in the M2 site. 
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Fe** than (Mg,Fe)-olivines, and although it is possible i in most of the analyses to 
distribute the Al and Fe to give an approximate valency balance it is probable 
that Al is due to impurity and the Fe** to alteration. The analyses of many 
knebelites and tephroites include high values of H.O* and appreciable quantities 
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Ca reported in some minerals, not analysed for CO2, is derived from the same 
source: in calculating the numbers of ions on the basis of four oxygens (Table 32) 
the CaO equivalent of the CO, has been subtracted. In some knebelites and 
tephroites Fe?* and Mn are replaced by Zn and the knebelite from the Broken Hill 
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purest tephroite analysed from Franklin (Table 32, anal. 13) contains 1°53 wt. per 
cent ZnO. An early analysis of the knebelite from Broken Hill gave the content of 
ZnO as 8:2 wt. per cent. The mineral, however, has been found to contain small 
inclusions of sphalerite, and a more recent analysis (Mason, 1973) showed the 
presence of < 1 per cent ZnO. Similarly the zincian tephroite from Franklin, 
originally described as roepperite (Palache, 1937), has been shown to contain ex- 
solved willemite (Hurlbut, 1961), and it is unlikely that more than relatively 
minor amounts of zinc can be incorporated in the olivine structure. The name 
roepperite should be abandoned. 


manu minarale nf thie caries tha vwanlaram nt As Galt — 
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In mary minerais oI tnis sCL1ivcs tne i@placel it Uv. 
in a few species it attains significant amounts Ta Table 32, anal. 14), and the name 
picrotephroite is used to describe such minerals. The composition of the rare 
calcium - manganese olivine, glaucochroite, is given in anal. 15 (Table 32). 
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Experimental work 


Single crystals of tephroite have been grown by Czochralski and edge-defined 
film-fed techniques from a stoichiometric melt (Finch eft a/., 1975), and by the 
Czochralski method from MnCO; and SiO; (Takei, 1976). 

The Po, - T relations for the univariant situations in the system manganese ox- 
ide-silica involving tephroite-braunite (Mn2*Mn3*SiO,2)-Mn3Oz, tephroite- 
rhodonite-Mn;Q,, and tephroite- braunite- rhodonite, at temperatures between 
973 and 1206 °C at oxygen partial pressures varying from 10°-?** to 1 atm at a total 
pressure of 1 atm, have been determined by Muan (1959). 

Tephroite has a smail stability field in the Mn30,4- SiO, SYS item, and in air 
melts incongruently to cubic Mn3;O, + liquid at about 1235°C. In the ternary 
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Table 32. Knebelite and Tephroite Analyses 

1 2 3 4 5 6 
SiO, 28°24 29°14 29°40 27°51 31°50 28°90 
TiO, — — — 0-03 0-00 _ 
Al,O; 0:92 0:92 0°58 0°73 0°04 0:28 
Fe,0; 0°87 1:20 0°72 1°58 _ 1°73 
FeO 60°65 56°90 44:92 44:01 40:33 31°87 
Mad 5°75 9°74 19°59 19°79 26:09 34°63 
MgO 2°32 1-12 3°89 0°54 1:59 1°42 
CaO 0:29 0:34 0-07 2°63 0-05 0°18 
H,0* —_ — 0°59 0°78 0-05 0°83 
H.0° — — 0°06 0-02 — 0:07 
Total 99°04 99-36 100-02 99-81" 99-66 99-98 
a 1-802 1-803 1:785 1-796 ~ 1-780 
B 1-843 1:843 1-824 1°837 1°828 1-820 
Y 1-853 185i 1°834 1-846 — 1-828 
2v_ 50° 48° 51° 50° — 47° 
D 4248 — 4-166 4°03 — 4°183 

Numbers of ions on the basis of four OC 

Si 0-954 0-978 0:974 0:953 1°038 0-975 
Al One F099 0-024] 1°00 079 f 1-00 0953 bg 98 toon F108 0-01 ‘to 99 
Al — 0-012 _— — 0-001 — 
A =] OT Tet OO 
Fe?* 0-022 0-030 0-018 0-041 —~ 0-044 
Mg 0°117 12°03 0:056}1:99 0°192|+-2-01 0-028 }-2°12°0-078 +-1-°92 0-072 +2-01 
Fe?* 1:713 ; 1-598 1-245 | 1°275 ! 1112 ! 0-899 
Mn 0°165 0-277 0-550 0°662 0-728 0-990 
Ca 0-010 0-012 | 0-002 | 0-098 | 0-001 | 0-006 | 















































* Includes Na 0:015. 


1 Iron knebelite, Bastkarn, Sweden (Henriques, 1956). Anal. A. Aaremae. 

Iron knebelite, Bastkarn, Sweden (Henriques, 1956). Anal. A. Aaremae. 

Knebelite, Skinnarangsgruvan, Sweden (Henriques, 1956). Anal. A. Aaremae (Includes Na2O + K,0 0:04, CO; 

0°16). 

4 Knebelite, vein of manganese silicates in cordierite- biotite hornfels, Hakozaki mine, Iwate Prefecture, Japan 
(Nambu et al., 1966) (a 4°842, b 10°561, c 6:127 A) (includes Na2O 0:17, K20 0°01). 

5 Knebelite, metasomatized limestone, Blue Bell Mine, British Columbia (Mossman and Pawson, 1976). Anal. 
D. J. Mossman (total Fe as FeO; K20 0°01). 

6 Knebelite, Dannemora, Sweden (Henriques, 1956). Anal. A. Aaremae (includes Na,O + K20 0°02, CO, 0:05). 
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Table 32. Knebelite and Tephroite Analyses 

7 8 9 10 11 
SiO, 29°24 29°50 27:97 28°78 29°27 
TiO, — tr. O15 — — 
ALO; 1:68 0°51 tr 0°10 — 
Fe,0; 1°66 1°26 — —_ — 
FeO 17:98 10°09 10°99 4°57 1-20 
Mino 40-02 §3°25 52°45 62:12 65:23 
MgO 4:02 2:98 2°73 2°10 1-98 
CaO 2°51 1°86 0:94 2°08 2:32 
H,0* 0°13 — 4°02 — — 
Ha” —_— — _— — — 
gazyu 
Total 100-07’ 99°45 100°29 100°25 100-00 
a 1:787 — 1°787 1°788 — 
p 1°815 ~1°80 1°81] 1-810 — 
Y 1°830 — 1°819 1°817 — 
2V., 56° _— 60° 68° 71° (calc.) 
D 3°98 4°06 3°96 3°98 — 

Numbers of ions on the basis of four O 

Si 0°987 Log 0973 | 9.99 0°985 Lo-99 0:967 | 4.97 09741 og, 
Ai 0-013 | 0:020 | — | 0:004 | — | 
Al 0-011 _ _— — _— 
Ti _ ] — | 000s | — | _— ] 
Fe?* 0-042 | 0:031 — — — 
Mg 0-203 +1:98° 0-146 2-01 0-143 - 2°03 0-105 --2°067 0-098 
Fe?* 0°510 0:278 ) 0°324 y 0-128 r 0-033 ! 
Mn 1°150 1°487 1°554 1°769 1°838 
Ca 0-062 | 0-066 | — | 0-056 | 0-083 | 














> Calculated after subtracting the CaO equivalent of CO 0°60 per cent and SiO, Al,O; equivalent of 1-68 per 


cent BaO to form BaAl-.Si-, 


Or, 
Ved pay LU PULTE Marl ZN7g. 


© Calculated after subtracting the CaO equivalent of 1°04 per cent CO2. 
4 Calculated after subtracting the CaO equivalent of 0°50 per cent CO). 


7 Knebelite, Kaso Mine, Totigi Prefecture, Japan (Yosimura, 1939). Anal. T. Yosimura (includes BaO 1°68, Na2O 
0°04, K20 0°15, CO2 0°60). 
8 Tephroite, rhodonite-tephroite- pyrrhotite rock, BR Quarry, Meldon, Okehampton (Howie, 1965). Anal. R. C. 


rT. 1 
ryier. 


9 Manganknebelite, Kaso Mine, Totigi Prefecture, Japan (Yosimura, 1939). Anal. T. Yosimura (includes CO, 


1-04) 
1Q4), 


10 Tephroite, Kaso Mine, Totigi Prefecture, Japan (Yosimura, 1939). Anal. T. Yosimura (includes CO, 0°50). 


11 Tephroite, Benallt Mine, Caernarvonshire, Wales (Smith et a/., 1944). Anal. M. H. Hey (recalculated analysis). 
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Table 32. Knebelite and Tephroite Analyses ~ continued 














12 13 14 15 
SiO, 29°31 29°13 31°48 31°48 
TiO, 0:05 — 0:00 — 
Al,O; 0:48 1°48 tr. _ 
Fe,0,; | — 0°23 — 
FeO 1°67 0°31 0-17 — 
MnO 65°62 66°81 60°66 38:00 
MgO 0°71 0:46 6°58 —_ 
CaO 0°70 — 0:00 28°95 
H,0* 0°19 0°20 0°38 — 
H,0° 0:02 — 0°00 _— 
Total 100-10 99°92 99°57 100°17 
a 1-770 1:77 1:750 1'686 
B 1°803 1:807 1:766 : 1°722 
y 1:819 1°825 1:779 1:735 
2V,, 71° 60° 65 - 68° 61° 
D- 4:08 _— 3°87 3°407 
Numbers of ions on the basis of four O 
Si 0979 | gg 970 Le ygg POU gy 9994.99 
Al 0-019 |} am 0030 | = — | a —-— J 0 
Al — 0:028 — — 
Ti 001 | —_— | — ] _ ] 
Fe** 0:030 | — | 0-006 | —_— | 
Mg 0-035 2:00 0-023 1-98° 0-315 1:98 — 2-014 
Fe?’ 0-047 0:009 r 0-005 | ~ r 
Mn 1-858 1°885 1651 1:017 
Ca 0-025 —_ | —_— | 0-980 | 








* Includes Zn 0°038. 
“ Includes Pb 0-015. 


12. Tephroite, with spessartine, rhodonite and baryte in vein cutting quartz- andesine- biotite - almandine- 
cordierite-silimanite gneiss, Clark Peninsula, Wilkes Lane, Antarctica (Mason, 1959). Anal. H. B. Wiik 
(includes Na2O 0-07, K,0 0:00, P20; 0°07, CO, 0-00). 

3 Tephroite, Franklin, New Jersey (Palache, 1937). Anal. L. H. Bauer (includes ZnO 1°53). 
i¢ Picrotephroite, Noda Tamagawa Mine, Japan (Lee, 1955). Anal. W. H. Herdsman (includes F 0-07). 


§ Glaucochroite, Franklin, New Jersey (Palache, 1937). Anal. C. H. Warren (includes Pb 1°74). 
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system Mn;Q,-Fe304-SiO, (Muan and Somiya, 1961), tephroite has a very 
small stability field adjacent to the Mn3;0,4-SiO, join, and is in equilibrium at 
1205 °C and P,, of 0:21 atm with rhodonite, spinel and liquid. The reaction: 
Mnco,; + MnSiO; = Mn,SiO, + CO, 


rhodochrosite pyroxmangite tephroite 


has been determined at a total pressure of 0°5 kbar with CO2/H.O mixtures (Can- 
dia et al., 1975). The equilibrium equation, calculated from the experimental data 
is: 


log Ko.s =logfiy. = - ST + 11-296 


Earlier Peters et a/. (1973) determined the equilibrium curve for the reaction at 
2 kbar as: 


log Kz.0 = logf.,, = ~- 283+ 11-870 
The X-T plots for the above rea me and for the reaction rhodochrosite + 


tO S(A and A’) and 2:0 kbar (B and B’) total 
he isobaric invariant point at the intersection of 


183 


abov 
quartz = pyroxmangite e+CO2a 
pressure are shown in Fig. 183. T 
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Fig. 183. X-7 diagram for the reactions, rhodochrosite + pyroxmangite = tephroite + CO,, and 
rhodochrosite + quartz = Pyroxmangite + CO). Curves A and A’ at | Potal = 0°5 kbar with CO,/H,O 
gas mixtures; curves B and B at P,..., = 2 kbar (after Peters et ai., 1973, and Candia ef a/., 1975). in- 
set Equilibrium curves for the reaction, 2MnCO, + SiO, = Mn,SiO, + 2CO, (curve a), and Mnco, + 
Men = Mn,Si0, + CO, (curve b) where Poo, = Protat’ Broken iine, Poo, = | atm (after Hori, 
1962). 
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the two curves at 0°5 kbar occurs at T = 395°C and fy, = 16:1 bar (i.e. Xoo, = 


~ ha 


0-03). 
Equilibrium curves for the reactions: 


2MnCO; + SiO2 = Mn2SiOg + 2CO2 
MncCo; + MnSiO; = Mn2SiO, + COz 


calculated from the thermodynamic quantities of the reactants and products have 
been presented by Hori (1962). Figure 183 shows that the equilibrium 
temperature for the formation of tephroite, when the CO, pressure is equal to the 
rock pressure, i is increased b vy 20-30 °C/kbar ’ but is some 200 °C lower than when 
the partial pressure of CO, is constant at 1 atm. 

Solid solution relationships in the Mn,SiO,-Fe,SiO, system in the 
temperature range 700-1100°C at 2kbar (Fig. 184) have been determined by 
Maresch ef al. (1978). 


Tanh t ! ohenit lata af enka cah tha 
rephroite and giaucocenr oite form a co ompiete series of solid solutions in the 


system Mn.2SiO,4-Ca2SiO, (Figs. 185,186). Solid solution extends beyond 
glaucochroite composition and lies between 30 and 40 wt. per cent Mn2SiO, at 
temperatures in the range 700 to 1200°C (Glasser, 1961). Experimental data for 
the composition 3MnO.AlI,0;3.3SiO2 + excess H2O, under both controlled and 


pmann eall + f1, e 
uncontrolled So, at fluid pressure between 0°5 and 3 kbar (Hsu, 1968), show that 


tephroite can occur in association with manganese chlorite, Mng.sAl3.oSiz.s- 
(O,OH),, and quartz and with manganese cordierite and spessartine, but in long 
runs the amount of tephroite present in the assemblage diminishes and it is pro- 
bably metastable under these conditions. 


Th thenha h ah ; 
The subsolidus phase equilibrium between tephroite and 
S 


] 
LiMnPO,, at temperatures between 500 and 900°C and pressures of up 0 1 500 
atm has been determined by Bradley et a/. (1966), and shows that ther 
limited solubility of Mn,SiO, in lithiophilite. 

Zinc- bearing tephroite, witha maximum replacement of about 5 atom per cent 
Mn by Zn, has been synthesized ( (Hurlbut, 1961). The heats of solution of 
Mn,SiO, and CaMnSiO, solid solutions have been measured by solution col- 
orimetry (Abraham, 1963) and show that within the limits of experimental error 
the heats of solution are zero. 

The DTA curve of knebelite (Table 32, anal. 4) s shows a 
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Fe?* > Fe>* and Mn2* > Mn?* (Nambu et al., 1966). 
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Fig. 184. Solid solution in the Mn,SiO, - Fe,SiO, system at 2 kbar (after Maresch ef a/., 1978). 
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Fig. 185. Phase equilibrium relations in part of the Ca,SiO,- Mn,SiO, system (after Glasser, 1961). 
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Fig. 186. Subsolidus relations between Ca,SiO, and Mn,SiO, (after Glasser, 1961). 


Optical and Physical Properties 


The refractive indices of the fayalite-tephroite series decrease with increasing 
content of manganese. Thus in the forsterite- fayalite series the value of the 
fayalite y index decreases by 0:002 per mol. per cent forsterite, compared with a 
decrease in the fayalite-tephroite series of approximately 0:0005 per mol. per 
cent tephroite. This relationship, however, cannot be used to obtain precise 


values of Fe?* and Mn because of the marked effects of relatively small 


346 Orthosilicates 


replacements of Mg. The refractive indices and optic axial angles of two 
picrotephroites and of a tephroite (Sundius, 1963) are given in the table: 

Mn,SiO, Mg.2SiO, y Qa 
picrotephroite, Langban 59°59 40°41 1°740 1°71 
picrotephroite, Japan 83°86 16°14 1:779 1:750 65 °- 68° 

: 1 1-740 


Q9-18 7-29 
Oe 


ao 
& Fam 10 


show that the replacement of Mn by Mg is accompanied by a reduction in y 


by approxima tely 0-002 and 0: 001 5 per mol. per cent Mg2SiO. respective- 
ly. The variation of the B index and 120 in the tephroite- fayalite- forsterite 
series is shown in Fig. 187. The optic axial angle decreases slightly in the 


fayalite-tephroite series with increasing manganese (47° for Fajoo to 44° for 
FasoITpso) but the effects are offset by small magnesium replacements; a 10 mol. 
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per cent content of Mg2SiO, increases the optic axial angle by 7° (Henriques, 
1956). With greater amounts of manganese the optic axial angle increases and it is 
70° in tephroite. Regression equations relating the chemical composition and the 
optical properties of the knebelite- fayalite minerals were given by Henriques 


(1957). An example of a tenhroite- alleghanvite intergrowth parallel to the (001) 
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planes of the two minerals is illustrated in Fig. 188. Although the replacement of 


Mn by Ca is usually small the substitution is associated with a rapid decrease in 
refractive indices; in the synthetic Mn,SiO,-CaMnSiO, series, from y 1°796, a 
1:768 for the tephroite to y 1'736, a 1°692 for the glaucochroite composition. 


The optical absorption spectra of tephroite and glaucochroite have been deter- 


wewtes, SVs ~~ 


mined by Keester and White (1968), and the absorption bands assigned i in terms 
of the energy level of Mn”* (see also Takei, 1976). Keester and White have also 
presented the crystal field parameters for both minerals. Infrared absorption 
spectra of tephroite, knebelite and glaucochroite have been measured by Duke 
and Stenhens (1964), and show that the substitution of Mn by Fe is accompanied 
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Fig. 187. Composition (mol. %) determinative grid for the forsterite - fayalite-tephroite series of 
olivines based on fi refractive indices and d,9 spacings (after Mossman and Pawson, 1976). 
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by a linear increase in the frequency of the absorption bands. Burns and Huggins 
(1972) and Huggins (1973) related infrared spectra to composition and cation 
ordering in the Mg-Fe-Mn olivine triangle. Raman spectra of tephroite have 
been measured by Griffith (1969), and the magnetic properties of tephroite in the 
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temperature LALlEe 4 wv oyuv WN, Mave UeuUll aeter MIN UY OAILLULYU Ci UE. LI TUU). 
Linear and thermal expansion coefficients of tephroite are given by Okajima et 
al, (1978). 


Distinguishing Features 


Tephroite and knebelite are distinguished from the more magnesium-rich olivines 
by smaller optic axial angles and higher refractive indices, and from the fayalitic 
olivines by lower refractive indices. The manganese-olivines have higher refrac- 
tive indices and birefringence than monticellite. The paragenesis is usually 
distinctive and they normally occur in association with other manganese-rich 


minerals, e.g. rhodonite. 


Paragenesis 


Members of the fayalite- tephroite series (with the exception of pure or nearly 
pure fayalite) occur mainly in iron- manganese ore deposits and their associated 
skarns, and in metamorphic rocks derived from manganese-rich sediments. 
Tephroite and rhodonite, associated with bustamite, are the main silicate consti- 
tuents of the Treburland mine ore, Altarnun, Cornwall (Russell, 1946; Tilley, 
1946); two assemblages are present, tephroite- bustamite-rhodonite and 
tephroite- bustamite- mangancalcite. A A similar occurrence, but with the addition 
of spessartine, occurs at Meldon, Devonshire, where the calcareous group of the 
Lower Culm (Lower Carboniferous) sediments are metamorphosed and 
metasomatized by the Dartmoor granite (Howie, 1965). At the Benallt Mine 
(Smith et al., 1944) tephroite is associated with banalsite the orthorhombic 
barium silicate BaNa2Al,Si,O 1.6, and alleghanyite, 2Mn,SiO0,.Mn(OH,F)2. Band- 
ed quartz- knebelite- magnetite schists with garnet and cummingtonite have been 
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reported by Tilley (1938) in the Lewisian paragneisses where the formation of the 
olivine mineral is due to the reaction of sideropiesite and quartz: 


9(Fe,Mg,Mn)CO; + 9SiO, + H.O > (Fe,Mg,Mn)2SiO, + 

sideroplesite knebelite 
(Fe,Mg,Mn)7Sis022(OH)2 + 9CO, 
cummingtonite 


At Branklin Nlew Tarcay (Dalarhea 
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oO. 


J ou 
glaucochroite occurs with tephroite, and is derived from a reaction involving 


tephroite, bustamite and calcite: 

CaMnSi.0, + Mn2Si0, + 2CaCO; = 3CaMnSiO, + 2CO2 

bustamite tephroite calcite glaucochroite 

From the same locality, Hurlbut (1961) has described tephroite intergrown with 
willemite, Zn,SiO,, parallel with {100} and {010} planes of the orthosilicate; 
similar intergrowths of glaucochroite and willemite have been reported by 
O’ Daniel and Tscheischwili (1944). The possible exsolution origin of the willemite 


t h h 
intergrowths in tephroite has been discussed by Hurlbut. The tephroite-bearing 


manganese deposists of the United States have been reviewed by Hewett et al. 
(1961); common assemblages include tephroite, rhodonite, spessartine and 
piemontite, and in some _ localities, tephroite, alleghanyite, bementite 
(Mn;SigO;0(OH).) and neotocite. 


1 T 
In the orebody of the Noda-Tamagawa mine, Iw 


(Watanabe et a/., 1960), tephroite is associated with rhodochrosite, manganosite, 
galaxite, baryte and alabandite. At the Kaso mine, Japan (Yosimura, 1939), 
knebelite is a metamorphic product consequent on the intrusion of rhodonite 
veins into rhodochrosite ore: 


MnSiO; + MnCO; > Mn,2SiO, + CO, 


Tephroite is associated with calcic rhodochrosite, pyroxmangite, rhodonite, 
manganoan clinopyroxene, amphibole, phlogopite and spessartine in the 
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manganese deposits of Buritirama, Para, Brazil (Peters et al., 1977). Knebelite 
(Feo. 76Minii.1sMZo.07) and tephroite (Feo. 50Mii;.39Mgo.09) showing some altera- 
tion to dannemorite and associated with pyroxmangite, pyrosmalite, manganoan 
hisingerite and garnet occur in the polymetallic deposit of Primorye, USSR 
(Kazachenko et al., 1979). 

Knebelite is an early product of hydrothermal mineralization in limestone, 
Bluebell mine, British Columbia (Ohomoto and Rye, 1970) in which it occurs as 
radiating sheaf-like clusters of crystals up to 5 cm in diameter (Mossman and 
Pawson, 1976). 


Tephroite-bearing assemblages in the m 
i 
ni 


a Tanan 
©, vyapan 


tamorphosed sediments of the Tam- 


eta 
962) include tephroite- hausmannite, 


worth area, New South Wales (Segni 

tephroite-rhodonite, knebelite-rho o quar and knebelite- quartz. 
Tephroite- rhodochrosite- quartz asse mblages occur in the low grade metamor- 
phic (middle greenschist facies) rocks of the Oberhalbstein-Malenco area, Swiss 
Alps (Trommsdorff et a/., 1970; Peters et a/., 1973), and are due to reactions of 


the type: 
2MnCOs - + SiO. = Mn2SiO,g + 2CO, 


Mnco, , + MnSiO, = Mn,SiO, + ' Co, 


2Mn2*Mni *SiO,2 + 5SiO, = 7Mn2SiO, + 30, 
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The occurrence of tephroite with kutnahorite in calcsilicate rocks in the core of 


sins 


the Suretta nappe, Italian Alps, has been described by Beltrami ef a/. (1974). 
Assemblages containing tephroite, TDPo.90F 09.04 F ao-06 and Tpo-94F 09.93F ao.03, 
associated with rhodochrosite, rhodonite, pyroxmangite, tirodite, spessartine, 


sonolite, alleghanyite and friedelite, resulting from the high-pressure-low- 


temperature metamorphism of manganese deposits at Bonneval-sur-Arc, Haute 


Maurienne, French Alps, are described by Chopin (1978). In the manganiferous 
horizon of the ‘Diaspri di M. Alpe’ formation, northern Apennines, tephroite oc- 
curs in associated with h rhodonite, rhodochrosite, spessartine, bementite, parset- 


tencite and « te 
tensite and sursassite ( (Cor rtesogno ef al. ’ 1979). 


The occurrence of iron knebelite as a primary constituent in the nordmarkite, 


Shefford Mountain, Quebec (Frisch, 1972), is the only reported exampie of a 
member of the knebelite-tephroite series as a product of magmatic crystalliza- 
tion. The mineral, FagsTp,3Fo; in composition, is associated with clinopyroxene 


aned fram farrnhedanhesa on 
zoned from ferrohedenbergite, Casz2MgsFeso, to aegirine-augite, and an arfved- 


sonitic amphibole, (Ko.23Nai.3:Cao.91) (Mo.33Fes-4oMMno.5:Tio.13) (Si7.63- 
Alo.36)O22(OH)2. The iron knebelite is partly iddingsitized, and is rimmed by id- 
dingsite at contacts with the clinopyroxene and amphibole indicating that the 
alteration occurred prior to the crystallization of the other ferromagnesian 


min ale Th: r + : nr h 1 1 1 i 
minerals. This paragenesis is probably not unique, and it is likely that other ex- 


amples have been reported as fayalite. The primary crystallization of members of 
the tephroite- knebelite series is also indicated where they occur as vein minerals. 
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Olivine Group 


OT 
| Monticellite Ca(Mg,Fe)[SiO.] | 


Orthorhombic (-) 





a 1638 - 1°65402) 

B 1°646- 1-664 

Y 1°650- 1°674 

d 0:012-0°020” 

2V, 69 %*) - 88° 

a=y,BR=z, y=x, O.A.P. (001) 

D 3°05) ~ 3-27 

H 5% 

Dispersion: r>v 

Cleavage: {010} poor, moderate. 

Twinning: {031} 

Colour Colourless or grey, colourless in thin section. 
Unit cell Monticellite a 4-815, b 11°08, c 637A. 
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Kirschteinite (the iron analogue) a 4°875, 6 11°155, c6°438 A. 


Z=4. Space group Pbnm. 


Monticellite occurs in two distinct parageneses, as a relatively common mineral in 
metamorphosed and metasomatized limestone contacts with acid, alkaline and 
basic intrusions, and less frequently as a constituent of some kimberlites and 
alnoites. The majority of monticellites show only a limited range of Mg = Fe?* 
replacement, but the occasional occurrence of ferroan monticellite and magne- 
sian kirschsteinite have been reported. Natural minerals approaching the pure 
CaFeSiO, composition are unknown. Monticellite is named after T. Monticelli, 
Italian mineralogist. 


Structure 

The structure of monticellite was first determined by Brown and West (1927) 
Onken (1965) confirmed the structure using three dimensional X-ray data obtain- 
ed from a specimen from Crestmore, California, with a 4-822, b 11°108, c 6-382 A 


' Refractive indices of synthetic CaMgSiO, (Ferguson and Merwin, 1919) a 1°639, 6B 1°646, 
y 1653. 

? Higher values for ferroan monticellite and magnesian kirschsteinite (see Table 33). 

3 Higher values for magnesian kirschsteinite (see Table 33). 

“ Lower values for magnesian kirschsteinite (see Table 33). 

5 Density of synthetic CaMgSiO, 3:06 g/cm? (Spencer and Coleman, 1969). 

® Synthetic CaMgSiO, and CaFeSiO, (J.C.P.D.S. powder data file 19-240 and 11-477 
respectively). 
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(Table 33, anal. 5). The structure is essentially the same as that of the 
(Mg,Fe)-olivines, with an expanded unit cell due to the replacement of half of the 
(Mg,Fe) by Ca. In olivine there are two non-equivalent octahedral sites for 
(Mg,Fe) one at a centre of symmetry and o one on a mirror plane (001); in mon- 


tirallita Ca tans acount y the cat 


ticenite Ca ions occupy tne sites on 
tres of symmetry. 

X-ray powder diffraction data and infrared absorption spectra for monticellite 
were given by Roy (1956) and Raman spectra by Griffith (1969). Powder data and 
the unit cell (a 4°859, 6 11°132, ¢ 6:420 A) were given by Sahama and Hytonen 


(1957) fr an tean mantinalhita (Lieerhatainital Caha nd nan 104Q\ 
{i J tj 10r QL ALULT LELUTILICOCLLILG (ALL OULIOLULLIILE J, sanama ana Hytonen (i 958) 
pointed out that the d;30 spacing could be used readily to distinguish a member of 
the monticellite- kirschsteinite series from a Ca-free or Ca-poor olivine, and in 
addition could give a rough indication of the Mg/Fe ratio, as long as the Ca con- 
tent was near to the ideal, one atom per formula unit. 
NReckatar enartey: nf Ga2t eyumthatin Maha: Dihophy: and 
The Mossbauer Speru um oF Fe in a Syntnecic CaF eSid, (Eibschitz Aallu 
Ganiel, 1967) contains two lines corresponding with the single Fe site without the 
secondary splitting shown by Fe*” in Fe2SiO, in which there are two distinct 
crystallographic sites. The quadrupole splitting is however smaller than that for 
Fe in the corresponding site in the Fe.SiO, structure. 
Synth IaVQAn A-OK 14-4 nA £2 A TY 2-68 o/em3\ hae a ctructir 
Synthetic NaYSiO,g (a 4°95, 6 11°3, c 63 A, D 3 68 g/cm”) nas a structur 
broadly similar to that of monticellite, but there are no mirror planes and the 
space group is Pbn2, (Maksimov ef al., 1967). Also, although Y is the smaller of 
the two octahedral cations it lies in the site occupied by Ca in monticellite. 
NaSmGeO, has a similar structure (Kharakh ef a/., 1971) with a 5:27, b 11°70, 
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exhibit only relatively small departures from. the ideal composition. Except for 
the rare ferroan monticellites (Table 33, anals. 13, 14), and magnesian kirschs- 
teinites (anals. 15, 16, 17) the proportion of Fe?* + Fe** + Mn to Mg is generally 
less than 20 : 80. The content of manganese is small- usually between | and 2 wt. 


per cent MnO, and commonly much less. This small manganese replacement can 
be related to its limited availability in the ultrabasic liquids from which mon- 
ticellites of igneous paragenesis have crystallized, and to the formation of 
tephroite in metamorphosed and metasomatized manganese sediments and in 


skarns. 


Experimental Work 


Experimental studies of relevance to the formation of monticellite resulting from 
the thermal metamorphism and metasomatism of magnesian limestones at ig- 
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neous | contacts have been described by a | number of workers. The univariant 
perature curves determin 1963a) for the reactions: 


Ms GO 4£OabcAscG Ot 94. I-, wn (i) 
MgwiO, + CaMgsi2U,s. + £CaCO3= sCaMigoiO, + 2002 Uy 
forsterite diopside calcite monticellite 
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Table 33. Monticellite Analyses 


Orthosilicates 




















1 2 3 4 5 
SiO, 37°72 37°50 37°88 37°59 37°46 
Tid, — 0-02 0-77 — — 
Fe,Q,; — 0:24 —_ 0-48 — 
FeO 0°50 0°36 3°05 3°05 3-98 
MnO O14 0:04 0-15 0°47 0°52 
MgO 25°34 24:72 23°24 24:47 22-78 
C20 34-94 35-41 32-11 33°89 35°20 
Na,O 0-20 — ~— — 
K,O — 0-10 0:24 — — 
H,0 b 1-24 0-71 1:78 — 0°15 
H,:0° J ~ — — — 
Total 99°88 99-70 100-40 100-00 100-09 
a 1:638 _— 1:639 1643 1-646 3 
B — — 1:646 1°650 1°653 5 
y 1651 — 1:650 1:658 1°6605 
2V,, 88° — 80° 80° 78° 
D — _ 3-05 — 3-083 
Numbers of ions on the basis of four O 
Si 0:998 0-984 1:013 0-993 0:997 
Al — 0-010 | 0-034 | — | ~ 
Ti — 0-000 | 0:016 — ! — 
Fe** ~~ _ 1M 0-005 0-99 —~ OS 0-010 1959 7 oO} 
Mg 0-993 [ “~~ 0-967] “77 0-926) ©" 0963 | “~~ 0-904 [ ° 
Fe** 0-011 0-008 0-068 0-067 0-089 
Mn 0-003 | 0-001 | 0:003 | 0:010 | 0-012 | 
Ca 0-991 7 0-995 } 0-920 ] 0-959 7 1-003 | 
Na — 099 OO1I0 F101 — 1:93 — 09% =~ 1-00 
K — 0-003 0-008 — — 
mg* 98°7 98-6 92°9 91:7 90:0 
mg* 100 Mg/(Mg + Fe2* + Fe?* + Mn). 


1 Monticellite, skarn, Akhmatovskaya, southern Urals (Varlakov, 1959). 
2 Monticellite, skarn, Tazheran complex, Lake Baikal USSR (Konev and Samoilov, 1974) (includes P20; 


0°06). 

3 Monticellite, with forsterite, perovskite and spinel in skarn. Zagornyi Massif, Kuznetsk Altau, USSR 
(Makarenko and Rodygina, 1971). 

4 Monticellite, skarn, Lespromkhoznoya, Gornaya Shoriya, USSR (Sinyakov and Sinyakova, 1961) (includes 
ZnO 0°05). 

5 Monticellite, with tilleyite and gehlenite, Crestmore, California (Moehlman and Gonyer, 1934) Anal. F. A. 


Gonyer. 


Olivine Group: Monticellite 355 



































6 7 8 9 10 11 

37°13 36°55 36°72 35:96 36°67 36°63 SiO, 
— 0-00 0°04 0:00 0°13 0:00 Tid, 
— 0:18 0°74 0:00 0°75 0°07 Al,O; 
0°53 0°59 0:79 1:70 0-10 _— Fe,0; 
3-79 4-71 7:28 4°92 7°57 8°59 FeO 
0°44 — 0-04 1:17 0-17 0:44 MnO 
22°12 22°11 23°04 21°36 21:11 19°69 MgO 
35°14 35°21 30°96 34°31 32°56 34:17 C20 
— — 0-14 —_ 0°00 _ Na,0 
— — 0:00 — 0:25 — K,0 
— 0°84 — 0°68 0°15 _ H,0° 
— 0:56 — 0-00 — — H,0" 
99°83 100-75 99°75 100-10 99°72 99°61 Total 
1°647 1°645 1°653 1°651 1°654 — a 
1-655 1°654 — 1°657 1:664 _— Bp 
1:660 1-660 1-670 1:664 1-674 —_ y 
79° 80° 75° 72° 82° _ 2V,, 
— 3:09 3-063 3°269 _ _ D 
Numbers of ions on the basis of four O 

1-003 0-982 0-983 0-975 0°991 0-997 Si 

— | 0-006] 0-023 | — | 0-024 | 0-002 | Al 

_— — 0-001 _— 0-003 0-000 Ti 
O-O11|., , O-012| 0-016],  0034),,, 0002, — L.. Fe** 
0°891 | © * 0:886] © ©" 0-910] © *° 0°863 | ~~" 0-850) © ** 0-815] © ** Mg 
0°086 0-106 0-163 0-112 0°172 0°196 Fe?* 
0-010 | — | 0-001 | 0-027 | 0:004 | 0-010 | Mn 
0°992'] 1°0157] 0-888] 0:997 } 0:943)] 0-997) Ca 
— 0-99 — 102 0°007 }0-90 — 100 0-000 } 0:95 — 1-00 Na 
_ _ f — f — | 0-008 — J K 
89°3 88°5 83-6 83°4 82°7 79°8 mg* 





6 Monticellite, skarn, Gornaya Shoriya, USSR (Sinyakov and Sinyakova, 196i) (includes CO, 0°68; numbers of 
ions calculated after deducting CaO equivalent of CO2). 

7 Monticellite, monticellite marble, Camas Malag, Skye, Scotland (Tilley, 1951). Anal. Geochemical 
Laboratories, London. 

8 Monticellite, monticellitite, Ensky, Kola Peninsula (Sobolev, 1947). Anal. N. B. Tumilovich. 

9 Monticellite, Magnet Cove, Arkansas (Neuvonen, 1952). Anal. K. J. Neuvonen (heats of formation measured 
on this mineral). 

10 Monticellite, monticellite peridotite, Montana (Buie, 1941). Anal. F. A. Gonyer (includes BaO 0°18, Sr 0-08). 

11 Monticellite, alndite, Tainakh, USSR (Nikishov e¢ a/., 1978). (Includes Cr,03 0°02; average of 5 probe 


analweac \ 


QH@LY SUS. 7 


356 Orthosilicates 


Table 33. Monticellite Analyses — continued 
































12 13 14 15 16 17 
SiO, 33°32 34°52 36:0 33°57 35:2 32°71 
Tin O00 rt Ane n.97 
atv vou _ Vili UU —_ Veo 
Al,O; 2°55 2:15 0:6, 1:95 — 0°26 
Fe,0, 0:92 0°37 — 1-40 — 0 66 
FeO 6°25 12°04 17:6 19°34 19°8 29°34 
MnO 2°87 0°66 0-2, 1:06 15 1°65 
MgO 21°50 17°64 15:9 11:07 11:0 4°95 
CaQ 32°14 33-21 29°8 30:40 32°5 29°30 
Na,O 0°16 — —_ 0°60 _ 0°34 
K,0 0-00 ~ _ 0:39 — 0°36 
H,0* 0:09 — — 0°13 —_— 0°25 
H,O- 0:0) ~ — 0:05 — 0°06 
Total 100°07 100-59 100:3 100-01 100-0 100°18 
a 1-650 1°662 —_— 1-674 1°664 1689 
p 1-662 1°674 — 1°694 — 1°720 
y 1°667 1°682 — 1-706 1°694 1°728 
2V, 69°-70°5° 78°-80° —_ 65° 61° 51° 
D 3°173 — — 3313 — 3-434 

Numbers of ions on the basis of four O 

Si 0:912 0:956 1°004 0:965 1-009 0-989 
Al 0-082 | 0-071 | 0-020 | 0-066 | ~ | 0-009 | 
Ti 0-000 0-000 0-002 0-002 — 0°005 
Fe?" 0:019 1°19 0:006 1-10 — 1°10° 0:030 LOS —_ 0-9R 0015 1:04 
Mg 0:876| ° O728|  0:664| | 0°-474| ~~ 0°-470|] ~~ 0:°223| °° 
Fe?’ 0-143 0°279 0°412 0-454 0°475 0:742 
Mn 0:°067_] 0-015 0:005 | 0:026 | 0-036 _J 0°042 | 
Ca 0-933] 0°985 0°892 | 0:936 0-999} 0:950 
Na 0-008 0°94 — 099 — 0°89 =0°034+0:99 — rp?” 0:020 + 0-98 
K — I — [ — [ 0°015 — | 0014 
mg* 79°3 70°7 61°4 48-2 47-9 21°8 
“mg = 100Mg/(Mg + Fe2* + Fe?* + Mn). 
“Includes Cr 0-001. 


12 Monticellite, monticellite-calcite rock, Oka complex, Quebec (Gold, 1966). Anal. H. Uik (includes CO, 0:20, 
SrO 0°02, P205 0-04). 
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13. Ferroan moniticellite, skarn, Gulinskoye, Khatanga, northern Siberia (Epshteyn and Anikeyeva, 1961) 

14 Ferroan monticellite, insert in olivine, Sharps meteorite (Dodd, 1971) (includes Cr2O; 0-06). 

1S Magnesian kirschsteinite, melilite nephelinite, Shaheru crater, Nyiragongo, Zaire (Sahama and Hytonen 
1958). 

16 Magnesian kirschsteinite, calc-silicate xenolith in alkali syenite, Tazheran Lake Baikal, USSR (Konev, er al., 
1970) 


17\ Magnesian kirschsteinite, melilite nephelinite, Mt Shaheru, North Kivu, Zaire (Sahama and Hytonen 1957). 
includes P,05 0°07. 
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3CaMgSi0, + CaMgSi20¢ = 2Ca.Mgsi207 + Mg2SiO, (ii) 
monticellite diopside akermanite forsterite 

aes ill. istrate vece? monti anal ¢n bln mhnan below , the 
a@1l© IMUSLIAL ed in Fig. 189, and show that TUL cell ite is a stavie Pllase VCLOW LIC 
invariant point at the intersection of the two curves at 890°C and @ 4:3 kbar. At 


higher temperatures monticellite reacts with CO, to form &akermanite + forsterite 
+ calcite: 


3CaMgSiO. + CO, = Ca2MgSi.07 + Mg2SiO, + CaCO; 
Subsequently Walter (1963b) determined the univariant curve for the reaction: 
Mg.2SiO, + CaCO; = CaMgsSiO, + MgO + CO, 


the pressure-temperature curve of which is coincident with that of reaction ((i) 


above) 
Experimental curves for the monticellite-forming reactions: 


diopside + forsterite + 2 calcite = 3 monticellite +2CO, (1) 
forsterite + calcite = monticellite + periclase + CO, (2) 
al mole fractions of carbon dioxide, X,,, between 0°01 and 0°40, in H,O + CO, 
fluid at pressures between 0°5 and 10 kbar have been presented by Zharikov et al. 
(1977). 
The monticellite-producing reaction: 

an alates — 3mo onti nallisen f1\ 

diopsite + forst rite + 2 Calcite = 5 MONntICeui te + + 2CO, {ij 


for iron-free and iron-bearing phases is illustrated diagrammatically in Fig. 190 
a,b. In the case where the phases contain iron the three-phase triangle, mon- 
ticellite- forsterite- diopside, moves to more magnesian compositions as the reac- 
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Fig. 189. Pressure-temperature curves for the reactions: A, 2 caicite + i forsterite + 1 diopside = 3 
monticellite +2 CO; B, 1 calcite + 1 i diopside +1 &akermanite + 1 CO, and 1 calcite + 1 forsterite + 1 


a 


akermanite = 3 monticeilite + C03; C and D, 3 monticellite + diopside =2 akermanite + 1 forsterite 


(after Walter, 1963a). 
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Fig. 190. (a) The system CaO-MgO- SiO, with excess CO,. Compositions of the phases diopside, 
forsterite, calcite and monticellite are shown to illustrate the monticellite-forming reaction. (b) Pro- 
jection from calcite on to the MgQ- FeO- SiO, face in the CaQ-MgO- FeOQ- SiO, tetrahedron with 
excess CO,. Compositional ranges of monticellite, clinopyroxene and forsterite are shown with 
schematic compositions of an equilibrium three-phase assemblage (plus calcite) which is undergoing 
reaction (1) modified by reactions (2a) and (2b) (see text) (after Tracy et al., 1978). 


tion proceeds, i.e. it is an Fe- Mg continuous reaction in which 7,,, > Tre (see Fig. 
192) and can be considered in combination with the two exchange reactions: 


2CaMgSiO, + Fe2SiO, = 2CaFeSiO4g + Mg2SiO, (2a) 
CaMgSi20¢ + CaFeSi0, = CaFeSi2.0¢ + CaMgSiO, (2b) 


A natural assemblage in which the monticellite is more iron-rich than the coex- 
isting forsterite and diopside has been described by Tracy e¢ a/. (1978). The com- 
positions of the three phases, considered to have been metamorphosed at the 
same pressure and temperature, are plotted in Fig. 191, and their differences may 


be related to local variations in the activity of CO2. Reaction (1) above is one of 


simple decarbonation and would proceed at a lower temperature under condi- 
tions of lower CO, activity. The effect on the continuous reaction (2) can be 
shown as a reaction loop on an isobaric temperature- composition diagram (Fig. 
192a). The compositions of the two monticellite- forsterite pairs are plotted on 
Fig. 192b and indicate that the first pair crystallized in an environment with lower 
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Fig. 191. Compositions of monticellite, diopside and forsterite in calcite - forsterite - diopside - mon- 
ticellite marbie, Cascade Mountain, Adirondacks, Keene, New York, shown on the calcite projection 
of Fig. 190b (after Tracy et al., 1978). 
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(a) (b) 


| Mo+ CO, . | Mo+ CoO, | 

(Xco, increase) . 

| tL Le 
’ 

r (Xco, decrease) 

| Di+Fo+Ct | | Dit Fo+Ct | 


Fe Mg 0.90 0.95 
XMg Xmg 


Fig. 192. (a) Isobaric temperature- composition diagram showing the schematic reaction loop for 


continuous reaction Z (see text). Note ihat part of the ioop, particuiariy on the iron-rich side may be 
metastable relative to other reactions. Arrows on the loop show the effect of increasing or decreasing 


the concentration of CO, in the fiuid. (b) Magnesium-rich side of enlarged temperature - composi- 
tion diagram with hypothetical reaction loops for two different but presumed isothermal samples of 


the calcite- forsterite- diopside - monticetlite marble, Cascade Mountains. Circles and triangles iti- 
dicate compositions of monticellite and forsterite for samples 1 and 2. Compositions of diopside not 
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Q-o,, and that the reaction proceeded further than for the second pair. It is, 
however, necessary to note that the activity of CO, is dependent on the 
temperature difference between the iron and magnesium end-members of the 


reaction, small differences in which would mean that the effects shown i 


192b could result from very small changes in a, 

The stability of monticellite solid solution in the composition of a 80: 20 mix- 
ture of monticellite and diopside was found by Kushiro and Yoder (1964) to ex- 
tend to a pressure of 8 kbar and temperature of 1450 °C. At higher pressures 
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Fig. 193. Pressure- temperature piane for the composition CaMgSiO, 80, diopside 20 wt. per cent 
(after Kushiro and Yoder, 1964). 
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3CaMgSiO, = Ca3MgSi2.O3 + Mg2SiO, 


The volume change in this reaction is -7°9 per cent. At temperature below 
1430°C the assemblage consists of monticellite solid solution + forsterite solid 
solution + Aakermanite; at temperatures between 1430 and 1450°C at | atm the 
mixture consists of monticellite and forsterite solid solutions and liquid, and 
above 1453°C to the liquidus of monticellite solid solution and liquid. The 
pressure - temperature relationships for the same composition, monticellite 80, 
diopside 20 wt. per cent, in the presence of excess water, determined by Yoder 
(1968) is shown in Fig. 194. The univariant curve, outlined at low pressure by 
Walter (1963a) for the reaction monticellite + diopside = akermanite + forsterite 
was extended to the invariant point, B, at 1095 °C and 10°6 kbar, at the intersec- 
tion of the curve for the reaction: 


2Ca2Mgsi207 — CaMgSi20. + Ca3MgSi20zs 
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Monticellite and wollastonite are the low-temperature, low-pressure sub- 


fipeic iv mit 


t 
lidus reaction products of akermanite (Harker and Tuttle, 1956; Yoder, 1968, 


So 

1 PX 

1975) 

Ca,MgSi.0O, > CaMgSiO, + CaSiO; 
akermanite monticellite wollastonite 


The univariant point, A (Fig. 194), in the presence of an excess of water, is at > 
750°C, 6:3 kbar. The reaction assemblage is affected by the presence of other 
phases and in the presence of forsterite leads to the formation of monticellite + 
diopside: 


2Ca2MgSi.0;, + 


The assemblage merwinite- forsterite reacts to form mer rwinite + diopside + 
periclase at pressures below 80 kbar and 1000°C, and the latter assemblage is 
transformed at pressures close to 150 kbar and about 1000°C to the assemblage 
CaSiO; (perovskite) + MgO (rock salt structure) (Liu, 1979): 
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12CaMgSiO, -7:6% 4Mg,SiO, + 4Cas;MgSi20s 


monticellite forsterite merwinite 
— 174% 3Ca,MgSi2Og + 3CaMgSi.0. + 6MgO 
inite dionside rock salt 
mer Winiteé MiIvpuiur SVEN eee 


-17°8% 12CaSiO; + 12 MgO 


244i St 


perovskite rock salt 


where the percentages represent the decrease in volume for each transition at 
zero pressure. 

The method of locating field boundaries by the use of discriminant functions 
has been applied by Chayes (1968) to the phase assemblage monticellite + 


wollastonite + gas; akermanite + gas. The function derived by Chayes: 
T(°C) = 683°8 + 10°83 P (kbar) 


is in very close agreement with the univariant curve of Fig. 194 determined by 
Yoder (1968, 1975). 


The hydrothermal synthesis of monticellite a 


_O 
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a water pressure of between 0°5 


t et 
and 1:0 kbar in the temperature range 500 to 550 °C in the system 


Olivine Group: Monticellite 361 


_— 
— 


-— 
3 


fe 


! 
diopside + \ 
| 


moerwin 


bau winite \ 
teas I 
“NK \ liquid + g 
[* wollastonite + \- 
monticellite 
tk + gas 


| akermanite + gas \ 


\ 


600 800 1000 1200 1400 


/ 


~ 
> 
x 
7 
me 


c 
5 
an ss CO © 


a 


Ny Ww 


Temperature, °C 


antte a shi. eamance feta te. sh ene 
HaARNE, Ca, WZS1,U7, COMpPOSIUGT iff ae Presence 


Deaccean woe we on a, 


A ee bneen Ain en 
“Fe rressure— temp rature ulagia 


Ca2Al,SiO7- Ca,MgSi2.O; in the presence of calcium and magnesium carbonates 
has been reported by Christophe-Michel-Lévy (1964). 


The occurrence of monticellite in a number of subsolidus assembla 


system CaO-MgO-Al,0;-SiO, at 1 atm, and at the temperatures of the begin n- 
ning of meiting for the four-phase assembiages, monticellite, merwinite, melilite, 
spinel (1352-1385°C), monticellite, melilite, spinel, forsterite (1324-1352 °C), 
and monticellite, forsterite, spinel, periclase (1420- 1448 °C) have been described 
by Biggar and O’ Hara (1969). 

The solubility of forsterite in monticellite, up to some 10 wt. per cent, was 
reported, as part of their investigation of the system CaO -MgO-SiO, at | atm, 
by Ferguson and Merwin (1919). Different values were later given by Rigby ef al. 
(1947), 5-7°5 per cent at temperatures between 1400 and 1500°C, and by Ricker 


and Ochorn (1954) who renoarted a more extended range tn Mo..Fo.. at 1SNNPC: 
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a similar high value was given by Bautsch (1960). A smaller range was reported by 
Biggar and O’Hara (1969), and by Hatfieid and Richmond (1970). The latter 
work, based on the redetermination of the solidus, gave the maximum solubility 


of monticellite in forsterite as 9 wt. per cent at 1500°C decreasing to 4 per cent at 
1700 °C (Fig. 19S$a. bh) while Biggar and O’Hara redetermined the solvus curve 
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that showed a higher limit to the solubility (Fig. 195a). These differences in the 
extent of the solid solution are attributed by Yang (1973) to the slow reaction 
rates in the solid state even at high temperatures. To increase the speed of reac- 


tion, Yang crystallized coexisting monticellite and forsterite solid solutions in the 


presence of liquid. The data (Fig. 195a, b) indicate somewhat less solution than 


reported by Ricker and Osborn but, particularly with regard to the forsterite 

solvus, close to the Biggar and O’ Hara’s and Hatfield and Richmond’s values. 
Pure monticellite was found by Ferguson and Merwin (1919) to be unstable at 

temperatures above about 1200°C (see Fig. 187), and their findings were later 
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Fig. 195. (a) Phase relation for the system monticellite- forsterite. Light solid lines after Ricker and 
oli 


r 
(b) Part of the system monticellite-forsterite sh 
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phase field (after Hatfield and Richmond, 1970). Br oken lines after Ricker and Osborn (1954). 


amounts of periclase. Warner and Luth (1973) have also reported the failure to 
synthesize pure CaMgSiOg,, the products of which composition were monticeilite 
solid solution containing several per cent Mg2SiO.,, and a small amount of mer- 


winite. 
The nhacea relatinne on the inin CaMaSif. ~Ma3,Si0 (Bia 104) and the enlvi 
gas pliago we EWI tions Wah LAIN jaan walvis WANT G aY¥ £BLlvIn7g qs if avywuy CAAINE LEAN OWT 
enclosing the two-phase region have been determined at pressures of 2, 5 and 10 
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kbar in the temperature range 800-1300 °C (Warner and Luth, 1973). The 
general precision of the data was demonstrated by reversals across the solvi, at 
900 and 1200°C at 2 kbar, by unmixing a two-phase assemblage previously 


° 
heated at 1450°C and 1 atm. A change of slope of the solvi occurs at 


temperatures above about 1200 °C, and may be related to the reaction Mo, = Mw 
+ Fo, marking the upper stability of Mo, the composition of which is dependent 
on the pressures at which the reaction occurs. On the basis of the earlier work of 
Ferguson and Merwin and Biggar and O’ Hara, the composition of the solid solu- 


ti ant iwakhrium ith moarwinite and farcterite enlid enhitin ic 
ion, in univariant CQuniorium With mer winite and forsterite solid solution, 1S 


shown as Moo3Fo; at 10 kbar (Fig. 196 c). Although this reaction was located by 
Yoder (1968) at 1200°C, 10 kbar, no evidence of the reaction at temperatures up 
to 1300°C was found by Warner and Luth (1973), and a somewhat higher 


temperature for the reaction is shown in Fig. 196c. The steeper slope of the solvus 
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fully understood. Warner and Luth, however, in view of the correlation of the 
slope reversal with the beginning of melting under hydrous conditions (* 1050 °C 
at 10 kbar), have put forward the tentative suggestion that the subsolidus reaction 
at this pressure may be better expressed as Mo, + V = Fo, + L. Their experimen- 
tal aAata hawa haan mean dAariva aniatian nf aetata far tha man 
lal Udala lliave Vell UosotuUu to USLIVe an eyuaulvull Vi otal ivi Liv Laluaii- 
ticellite- forsterite series, based on a method involving the application of an 
abridged Margules-type expansion, details of which are given in their paper, to 
locate the solvi in Fig. 196c. 

In monticellite- forsterite pairs present in the metamorphic assemblage mon- 
tinallhiea_ farctarita _ diancida_ ralnita im tha Caccrade Maintain A Ateandarl 
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(Tracy et al., 1978), the monticellites have higher Fe/(Fe + Mg) ratios than the 
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Fig. 196 D a mperature- composition sections of the monticeliite- forsterite two-phase 


ct 

ex perimentally determined compositions of coexisting two-phase pairs. The 

solid curves are the cole iilated boundaries of the two-phase region (see text). (c) Schematic 

temperature - composition diagram illustrating _ Possible phase relations on the join 
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coexisting forsterites, 0°035 and 0°099 compared with 0:029 and 0-076 respective- 


ly, FEyxycolution lamellae of forsterite. Moa, Fe, ..Mn, Ca, Qi, .,0,. came 10 
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um in thickness, and apparently oriented along the (010) plane are present in the 
monticellite hosts. Solid solution between CaMgSiO, and Mg,SiO, at 
temperatures below 1000°C determined experimentally by Warner and Luth 
(1973) was found to be very limited. On the assumption that the small amounts of 


A hI h Titel fFfart an thece rala. 
iron in the mineral pairs of the Cascade marble have little effect on these rela- 


tionships, Tracy et a/. estimated that the two phases crystallized and exsolved 


below 800°C. 
The breakdown of monticellite to a mixture of forsterite and merwinite at 8-9 


kbar and 1400°C was reported by Kushiro and Yoder (1964). These relatively low 


f dta tty fo te + dinnside + 
pressure products have been found to react to form merwinite 4 Giopsiae 1 


periclase at pressures below about 80 kbar and 1000°C (Liu, 1979). The three- 
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phase assemblage reacts further at pressures of 2 150 kbar to Ca SiO; (perovskite 
structure) + MgO (rock sait structure) (Liu, 1979; see also olivine section, p. 166). 
The occurrence of monticellite as a primary liquidus phase at pressures be- 
tween 1 atm and 10 kbar under water-saturated conditions in the compositional 
regions CaMeoSi,0.-Mo,Si0.-Si0,-H,O and CaMoSi1,0,.-Mo>Si0O.- 
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CasMgsi.Os (merwinite)- H.2O of the system CaO - MgO- SiO,-H,O has been 
reported by Warner (1975). Comparison of the 1 atm and 10 kbar liquidus rela- 
tionships indicates that the monticellite-bearing ultrabasic rocks, such as mon- 
ticellite alnoite, show a higher pressure or greater depth of origin than the melilite 
basalts 

The heat of formation of a monticellite (Table 33, anal 9), -27560 + 140 
cal/mol, has been determined by solution calorimetry (Neuvonen, 1952). 

No appreciable subsolidus solid solution in the system CaMgSiO,-Ca.2SiO, in 


the temperature range 600-900°C at a water vapour pressure of 133 bars was 
found by Roy (1956). Monticellite and the intermediate compound merwinite, 
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CasMgSi,Oz, crystallize in the magnesium-rich, and merwinite and calcium or- 
thosilicate in the calcium-rich half of the composition field respectively (Fig. 
197). 


Following the observations of the breakdown of akermanit 
wollastonite (Harker and Tuttle, 1956; Yoder, 1968), and 
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Ca2FeSi20;, to kirschsteinite + wollastonite 

Ca2FeSi,0O7 > CaFeSiO,g + CaSiO; 

by Bowen ef aa. (1933b), the phase relationships for the join 
Ca.MgSi,07,-Ca2FeSi,0, have been determined (Fig. 198) at 1 kbar total 
pressure and oxygen fugacity of the iron- wustite buffer (Seifert, 1974). 
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Ca,SiO, A, dicalcium silicate hydrate ¢ (after Roy, 1956). 
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Fig. 198. Temperature- composition diagram for the join akermanite-ferroakermanite at 1 kbar 
total pressure at fo, of the iron- wiistite buffer. Data for pure akermanite from Yoder (1968) (after 
Seifert, 1974). 
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CaO - SiO, -MgO- FeO, showing primary phases and liquidus (after Schairer and Osborn, 1950). 
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(Ca,Fe)-olivines. Investigations of the (Ca,Fe)-olivines have been reported by 
Bowen ef ai. (1933a, b) and included the phase relations for the binary joins 
Fe2SiO4- Ca2SiO, (see Fig. 115, p. 152) and CaFeSiO,- CaSiO3;, and the primary 


phase field of the (Ca,Fe)-olivines in the system CaO-FeO-SiO,. The phase 
fields and liquidus on the ioin CaSiQ0.-MeQO-FeQ in the = system 
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CaO- MgO- FeO - SiO, (Fig. 199) were later determined by Schairer and Osborn 
(1950). Only those compositions which lie on the join monticellite- kirschsteinite 
are binary solid solutions, and compositions lying to the CaO and FeO sides of 


the join give rise to solid solutions containing excess Ca2SiO, and Fe2SiO, respec- 


j an hu 
tively. A series of synthetic calclum-iron olivines has also been prepared by 


Wyderko (1969) who reported solid solution between Fe2SiO, and Ca.2SiO, 
limited to compositions of (Fe, Ca,) SiO, where x varies between 0-0 and 0-65, 
the latter value corresponding to 42 wt. per cent Fe2SiO,. 


Kirschsteinite is readily synthesized from its oxide components under reducing 
conditions; it also forms as a breakdown product from synthetic andradite 


(Gustafson, 1974): 

2Ca3Fe3*Si30,2 = 4CaFeSiO, +2CaSiO; + O, 
andradite kirschsteinite wollastonite 

and from the assemblage wollastonite + magnetite: 
6CaSi0; + 2Fe;30, = 6CaFeSiO + O, 
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Fig. 200. Log fp, -temperature diagram for andradite, Ca,Fe,Si;0,,, composition + excess H,O at 
2 kbar fluid pressure. Curves 1 magnetite- hematite, 2 nickel- nickel oxide, 3 fayalite- magnetite- 
quartz, 4 wistite- magnetite, 5 iron- magnetite, 6 iron-quartz-fayalite buffer (after Gustafson, 
1974). 
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The first reaction takes place at oxygen fugacities defined by either the 
wustite- magnetite or iron- magnetite buffer, and the second reaction at Jo, be- 
tween the fayalite- magnetite- quartz and wustite- magnetite buffer curves up to 
850°C at 2 kbar and 930°C at 0°5 kbar fluid pressure (Fig. 200). 
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been synthesized hydrothermally in the system Na2zO-Y,0;3;-SiO2.-H20O 
(Maksimov ef al., 1967). 


O 


tical and Physical Properties 


3 


he majority of monticellites are magnesium-rich and correspondingly do not ex- 
ibit a wide variation in optical properties. The refractive indices and optic axial 
ngle of the ferroan monticellites and magnesian kirschsteinites, however, reflect 
he considerably greater Mg = Fe’* replacement present in these minerals 
(Sinyakov, 1964). The refractive indices increase linearly by some 0:001 per | per 
cent 100 Fe/(Fe + Mg + Mn) indicating a value of y = 1:740 for the CaFeSiO, 
end-member (Fig. 201). The refractive indices of some members of the synthetic 
Ca,SiO0,- Fe,SiO, series are shown in Table 34, and the y indices given by Rigby 
(1953) and Sahama and Hytonen (1957) respectively bracket the value for 
CaFeSiO, extrapolated from the data of the natural monticellite- kirschsteinite 
series; Gustafson’s value for synthetic kirschsteinite is y = 1°740. Magnesium-rich 
monticellites have a moderate birefringence (Beliankin and Ivanov, 1931) with a 
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Fig. 201. Variation in refractive indices and optic axial angle in the monticellite- kirschsteinite 
series. Plotted values are for analyses in Table 33. Synthetic kirschsteinite (Gustafson, 1974). Varia- 
tion in optic axial angle from Nikishov and Nikishova (1966). 
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Table 34. Optical properties of some synthetic (Ca,Fe),SiO, olivines 


Fe,SiO, Ca,SiO, a p y rf) 2V, Reference 

100 0 1°824 — 1:874 0-050 — Bowen et al., 1933a 
90 10 1-799 1-840 1-849 0-050 — Rigby, 1953 

8] 19 1:772 — 1°823 0°051 _ Bowen et al., 1933a 
80 20 1-772 1-842 1:82] 0°049 —_ Rigby, 1953 

70 30 1-742 1:783 1:791 0°049 — Rigby, 1953 

66 34 1-730 — 1-785 0-055 — Bowen eft al., 1933a 
54°5 45°5 1°696 — 1°743 0:047 — Bowen et al., 1933a 
50 50 1:690 1-730 1-738 0°048 4g° Rigby, 1953 

50 50 1-695 — 1-740 0-045 — Gustafson, 1974 

50 50 1-696 1:734 1:743 0°047 50° Sahama & Hytonen, 1958 
48 52 1690 — 1°737 0°047 — Bowen et al., 1933a 
46 54 1-690 1720 1°735 0°045 — Wyderko, 1969 

42 58 1°685 1:720 1:732 0:047 — Wyderko, 1969 

41 59 1°684 — 1-730 0-046 — Bowen ef al., 1933a 


range of 0°012-0°020. The birefringence increases with increasing Mg = Fe’* 
replacement to between 0:030 and 0:040 for magnesian kirschsteinites. The optic 
axial angle decreases with increasing iron content, from * 82° for CaMgSiO, to 
47 ° for CaFeSiO,. This relationship between 2V, and composition (Fig. 201) can 


he exnresced hy the enuation 
_ w\ we Iw we vy os 


Xpr aw weguuw BeEWES 
fm = — 2°82 (2V) + 229°3 


where fm = 100(Fe?* + Fe**)/(Fe?* + Fe? + Mg)(Nikishov and Nikishova, 1966). 


Twinning in monticellite is not common but has been reported with twin plane 
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The colour of the synthetic (Ca,Fe)-olivines varies from grey to greenish black, 
and the microhardness decreases with increasing iron content. The infrared ab- 
sorption spectrum of monticellite, in the frequency range 4000 cm™' to 400 cm™', 
shows a similar configuration to those of other members of the olivine group 


(Dike and Ctanhanc 108A) 
(WUKRE ANG Srepnens, 1 7O4;, 


Fig. 202. Optical orientation of monticellite twinned on {031} (Larsen et al., 1941). 
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Distinguishing Features 


Monticellite is distinguished from the Mg-Fe-Mn olivines by its lower bire- 
fringence, and from diopside by a larger optic axial angle and poorer cleavage. 


eneses. It is a relatively common mineral 


te sin two 0 distinct p arageneses. It 

de veloped du rin metamorphism of siliceous and magnesian 

limestones, and in skarn zones at metasomatized carbonate contacts with in- 

trusive acid, alkaline and basic rocks. In the other paragenesis, monticellite oc- 
curs as a constituent of ultrabasic rocks such as kimberlite and alnoite. 

The status of monticellite in the progressive metamorphism of siliceous 
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dolomitic limestones has been discussed, among others, by Bowen (1940), Tilley 
(1948, 1951), Weeks (1956) and Turner (1967). Characteristically the formation 
of monticellite takes place at a higher temperature than diopside, forsterite and 
woOllastonite, and these phases commonly form the basis of the reactions leading 
to the subsequent development of monticellite. With further increase in 


temperature monticellite i is subsequently involved in reactions leading to the for- 
mation of akermanite, spurrite and merwinite. The textural evidence is not, 
however, always unambiguous and in some instances monticellite may have 
resulted from retrograde rather than prograde processes. 

Bowen’s (1940) conclusion that the formation of monticellite results from the 


reaction: oO rormatl 
Mg.SiO, + CaMgSi.0,. + 2CaCO; = 3CaMgSiO, + 2CO, 


has been substantiated by the calculated equilibrium temperatures (770, 850, 900° 
at 0°5, 1:0, 1:5 kbar Poo.) for this and other reactions under anhydrous 


eaaas Yu 


: 27 
tions, on the basis of available thermochemical data (Turner, 1967). 

Monticellite is a relatively common mineral in skarns formed at limestone con- 
tacts with basic, acid and alkaline intrusives. Monticellite-bearing skarns 


associated with the gabbro-syenite-nepheline syenite complex of the Zagorny 
massif, Kuznetsk Altau, Siberian Platform, have been described by Oleynikov 


massif, Kuznetsk Alta Siberian orm een described by Oleyniko 
(1960), Sinyakov and Sinyakova (1961), Bozin (1963) and Makarenko and 
Rodygina (1971). in the Kureyka River area, monticellite forms an outer skarn 
zone at the limestone- basic intrusive contact. The inner zone consists of a diop- 
side marble and in this region the skarns are ascribed to a silicon metasomatism, 
during which the orthosilicate develoned where the silica diffusion was insuffi- 
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cient to form the metasilicate (Oleynikov, 1960). Veins of almost monomineralic 
monticellite derived from metasomatically altered dolomitic limestone are present 
in the nepheline syenite at Patynsk, Gornaya Shoriya (Bozin, 1963). Monticellite 
in the skarns within the aureole of the nepheline syenites of the Tazheran intru- 
sion on the western shore of Lake Raikal have been described by Konev and 
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Samoilov (1974), and their development i in the tuffaceous limestones adjacent to 
the Viadimir granite complex at Uglovskoye, south Primor’ye, Soviet Far East, 
has been reported by Lobanova (1960). At this locality the skarns show a zonal 
arrangement with an inner zone of monticellite + andradite, followed by mon- 


ticellite + andradite + vesuvianite, and an outer zone of monticellite + vesu- 
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vianite. The monticellite skarns of southeast Bulgaria are described by Ivanova- 
Panyotova (1972). Boron metasomatism at the Beinn an Dubhaich, Skye, 
granite - limestone contact has given rise to monticellite, cuspidine, diopside and 
monticellite, forsterite assemblages (Tilley, 1951). 

Monticellite-bearing skarns along the limestone-alkali gabbro and syenite 
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stock of Christmas mountain, Big Bend region, Texas, and monticellite-bearing 
xenoliths in this gabbro have been described by Joesten (1976). Continuous rims 
of monticellite or spurrite between calcite and merwinite, and vermicular in- 
tergrowths of monticellite and spurrite are present in the xenoliths. The textural 


incompatibility of the calcite and merwinite indicates that the fou phases are 


related. by the reaction: 
2CaMgSiO, + 2Ca2,SiO,.CaCO; = 2Ca3;MgSi203 + CaCO; 


7 zl = 7. tenia 


monticellite spurrite mer winite calcite 


e (Ta 3, anal. 16) has rib 
n the alkali syenite, Tazheran, ‘USSR (Konev et al., 
1970). The kirschsteinite, associated with wollastonite, diopside, melilite, 
grossular-andradite, melanite, cuspidine, perovskite, kalsilite and_ relic 
titanaugite, occurs as a late mineral in thin veins around garnet, diopside and 


ralcite 
wAAWVIUY. 


Other occurrences of monticellite in metamorphosed calcareous rocks include 
the monticellite- melilite~spurrite marbles derived from dolomitic marlis at their 
contact with a dolerite intrusion in the Anakit district, Siberian Plateau, describ- 
ed by Reverdatto (1970), monticellite- gehlenite- spinel and monticellite- 


gehlenite_merwinite in cantact zganec hetweaan Hmectane and olivine aahhro 
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Camas Mor, Muck, Scotland (Tilley, 1947), monticellite-spurrite- merwinite 
marble in quartz monzonite, Tres Hermanas Mountains, Luna County, New 
Mexico (Homme and Rosenzweig, 1958) and a monticellite- akermanite- mer- 


winite assemblage in the metamorphosed limestones at Kilchoan, northwest 
Ceontland (Aocrall 1965) Tha Aeavaln nt af manticallhite fram olivine and dinn_ 
QIVELIGIIU (Fils Vib, LIU de i ne development OF monticenite, EBLWULGl VWILV idly Qliu UlVvp 
side, in the limestone-contaminated dolerite of a Tertiary volcanic plug, Carneal, 
Co. Antrim, Northern Ireland, has been reported by Sabine (1975). 

At Crestmore, California, monticellite is a major product of the progressive 
(Si, Al,Fe)-metasomatism and decarbonation of magnesian limestone at the con- 


tact with a anarty moanznanite Tt te varinnely acenciated with clinnhiumite 
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forsterite, spurrite, merwinite, tilleyite, melilite, spinel, cuspidine, perovskite, 
xanthophyllite, and ellestadite, and its formation followed the earlier develop- 
ment of outer zones characterized by garnet and vesuvianite, respectively (Bur- 
nham, 1959). The textural relationships displayed by the mineral assemblages in 


the marhlec af the monticellite zone cuagect that the (Ca Ma)l_oalivine wac derived 
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by a number of different reactions. Thus the occurrence of forsterite cores in the 
monticellite indicates the reaction: 


Mg.SiO, + 2CaCO; + SiO. > 2CaMgSiO, + 2CO, 

The monticellite also occurs rimmed by, and as intergrowt hs with, spurrite; mon- 
ticellite- tilleyite intergrowths are also present and in the j inner part of the zone 
vermicular and subgraphic intergrowths of monticellite and merwinite. Other tex- 


ticellite, while elsewhere. monticellite, or r monticellite- spurrite intergrowths 0 occur 


tence em mmerissemite an én an sugges reacti mee terpenes 


between INer winite and calcite ana suggest reactions oO f the lype. 
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SCaMgSiO, + 2(2Ca2Si0O4.CaCO;) + SiO. = 5Caz;MgSi2.0g + 2CO,. (1) 


monticeilite spurrite merwinite 


alf"ly MIO NALCO LN ad LM "nln 
2CaMgSi O,4t+ aCO; = 2ZCa3;Migsi20, + CaCO; 


monticellite spurrite merwinite 


2 a0) 
2Ca2SiOz. 


The development of monticellite- wollastonite intergrowths at Crestmore, con- 
sisting of 47°5 and 52°5 vol. per cent monticellite and wollastonite respectively, 
have been interpreted by Harker and Tuttle (1956) as the breakdown products of 


sist of monticellite 55, wollastonite 45 vol. per cent, and the difference between 
the observed and ideal ratios of the two minerals may be due either to the initial 
presence of a small amount of wollastonite, or to the occurrence of solid solution 
in the natural phases. 


The formation of monticellite (see p. 358), possibly as a result of regional 
metamorphism in a Precambrian marble, Cascade Mountain, Adirondacks, New 
York, has been described by Tracy ef a/. (1978). The monticellite occurs in a 
forsterite - diopside - calcite- spinel-andradite- vesuvianite assemblage, and con- 
tains small exsolved lamellae of forsterite as well as inclusions of diopside and 


spinel. Sporadic rims of andradite and vesuvianite around monticellite against 
calcite are also present. 

Monticellite occurs as a constituent of some ultrabasic igneous rocks, and has 
been described from a number of alnOites. In the alndite at Isle Cadieux, Quebec 
(Bowen, 1922), it is associated with forsteritic olivine, augite, biotite, melilite, 
perovskite, apatite, marialitic scapolite and titaniferous magnetite. The mon- 
ticellite is present in relatively large grains, enclosing remnants and partially 
replaced olivine and augite, and is itself partly replaced by melilite and biotite. 
Other occurrences of monticellite-bearing alndites include those of the Siberian 
platform described by Nikishov ef a/. (1978) 

Ataxitic segregations of olivine and fine- grained monticellite, the latter form- 
ing rims around the olivine, occur in an Olivine melilitite in the kimberlitic breccia 
of the Bargydamalakh pipe, Anabar region, USSR (Ukhanov, 1965). 
Monticellite-bearing ultramafic rocks have also been reported from Gross Bruk- 
karos, in the Gibeon kimberlite province of South West Africa (Ferguson et al., 


RSPEI RASS EINE LLY NY SSE Mb wee we Uo as 


1975). Here the monticellite peridotite i is considered to represent a volatile- poor 
fraction of a kimberlite-carbonatite magma. Monticellite constitutes up to 80 per 
cent of the groundmass of the kimberlite in the ‘monticellite’ body of the Olensk 
basin (Nikishov and Nikishova, 1966). The mineral is a ferroan variety containing 
between 20 and 30 wt. per cent of the CaFeSiO, component and carries minute in- 
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clusions of a modified periclase. A small irregular intrusion of monticellite 
peridotite occurs as part of the W. diatreme, Montana (Hearn and Boyd, i975). 

The occurrence of monticellite, containing between 6-94 and 8-92 wt. per cent 
total iron as FeO, as a component of the corroded rims of olivine melilitite, 
Sutherland town la nds, South Africa, has been described by Maclver and 
Ferguson (1979) 

Other igneous parageneses include the Highwood Mountains, Montana, 
peridotite consisting of monticellite (Table 33, anal. 10), olivine and phlogopite 
(the asemblage is considered to represent the composition of the original magma; 
Buie, 1941, Larsen ef al., 1941), the monticellite-bearing ankaratrite, 
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Schwalbi schen Alb (Leopold, 1940), and the kalsilite-melilitite of the volcanic 
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ex Of Cupaelio, Rieti, italy (Gragnani, 1972). 
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Magnesian kirschsteinite (Table 33, anal. 17) occurs in a melilite nephelinite, 
North Kivu, Zaire, in which it is assosiated with kalsilite, gétzenite, sodalite, 
combeite and perovskite (Sahama and HytOnen, 1957). Kirschsteinite ap- 
proaching the pure end-member composition has not been found occurring 


naturally and thic ahconra ic nronhahly ralated tn the rarity af the radueing cond: 
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tions at high temperatures required for its formation, as well as to the general 
presence of magnesium that leads to the crystallization of monticellite rather than 
to kirschsteinite. Magnesian kirschsteinite (Table 33, anal. 16) in a calc-silicate 
xenolith, Tazheran, USSR, has been described by Konev et al. (1970). 


The acenriati nticallita alivin Aba ite wollactanita faccaitea 
rue association, MoOnticeaite, Ouvine, axermanite, wouastonite, rassalte, in 


xenoliths of original sedimentary carbonate rocks in the Hendriksplaats norite 
near the margin of the Bushveld complex, has been described by Willemse and 
Bensch (1964). Intergrowths of both monticellite and wollastonite, the graphic 


texture of which resembles that described by Harker and Tuttle (1956), and of 


. . 
mantircallite and clinnnuravene are nreceant in the vaenolithe Tha latter acciur hea_ 
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tween grains of olivine and 4kermanite, commonly in the form of a corona around 
relict olivine in a matrix consisting of akermanite. Both types of intergrowth are 
considered to represent a retrograde metamorphism, the monticellite - wollastonite 
resulting from the breakdown of akermanite 


Ca2MgSi.0; > CaMgsSiO, + CaSi0; 


and the monticellite- clinopyroxene intergrowth being derived from reaction be- 
tween olivine and akermanite: 


Mg,2Si0O4 + 2Ca2MgSi.07 -> CaMgSi.0¢ + 3CaMgSiO, 


Insets of ferroan monticellite (Table 33, anal. 14), together with spinel and 
fassaite, in olivine, Mg,;.s3FeOo.44CaOo.osAlo.o1SiOo.99O4, in chondrules of the 


Charnc metanritea Richmand County Virginia have heen deerrihed hy DNadd 
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(1971). Olivine with widely variable calcium contents (0°04-0°61 wt. % CaO) oc- 
curs in other parts of the meteorite, and Dodd has suggested that the ferroan 
monticellite insets may have been derived by exsolution from a relatively calcium- 
rich olivine either during the slow cooling or mild reheating of the chondrule. 


Magnecan bLirecrhctainite crnevictina with fauvalitic alivine the Angora Anc Daic 
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achondrite, Brazil, has been reported by Prinz et al., (1977). 

The formation of monticellite in granulated blast-furnace slags, the composi- 
tions of which fall within the system MgO-CaO- Al,0;- SiO, has been reported 
by Steyn (1965). 
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Humite Group: Introduction 


The humite group consists of four minerals, norbergite, chondrodite, humite and 


clinohumite, all of which have closely related structures, chemistry, optical pro- 
perties and parageneses. The humite group is an excellent example of mor- 
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photropy: the ratio of the unit cell dimensions b:c is the same for each mineral 
while the @:c and a: b ratios change in a simple and progressive manner from 
norbergite to clinohumite. The structures of the humite group minerals are close- 


ly related to that of forsterite but the original interpretation that the structures 
consist essentially of layers parallel to (100), having the atomic arrangement of 


olivine, which alternate with layers of brucite- sellaite, Mg(OH,F)2, has been 
shown to be inaccurate. Certain anion layers and some of the octahedrally coor- 
dinated cations are common to both components of the structure, and although 
the formula nM.2SiO,. M(OH,F)2, where M is Mg, Fe?*, Mn, Ti, Zn, etc. and” = 


1.2 3, 4 for norbergite, chondrodite, humite and clinchumite respectively is 
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chemically correct, the general formula of the group is more precisely expressed: 
M,,,.,5i,O,,, -2M(OH,F)O 
where n= 1, 2, 3,4. 


Although in humite and clinohumite the 
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that of olivine, the replacement of Mg by Fe?" j is considerably smaller in amount. 
Unlike the minerals of the olivines series some members of the humite group have 
a high content of titanium, a feature that is particularly characteristic of 


clinohumite, and such varieties are described as titanoclinohumite. The titanium 
is located in the M(OH.F)O part of the structure. and the renlacement of the 
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divalent cation by tetravalent titanium is balanced by the replacement of (OH,F) 


by O, i.e. Ti + 2(0) = M?* + 2(OH,F) when the formula of the group may be ex- 
pressed: 


n M2SiO4.M, ,Ti,(OH,F),>,0>, 


where M is primarily Mg with smaller amounts of Fe**, Mn, Zn, etc., x > 1 and 
n=1,2, 3,4. 


. . , 
Some specimens of the humite group minerals have very h 
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manganese, and manganese analogues of chondrodite, humite 


ig 6 
nd clinohumite 
occur naturally and are described respectively as alleghanyite, leucophoenicite 
and sonolite. 


In the natural minerals of the group the replacement F = (OH) varies over a 


fl hud 1 
wide range but the hydroxyl end-members are rare. Fluor and fluor-hydroxy! 


humites and more recently hydroxyl members of the group have been synthesiz- 
ed, as have the caicium analogue of chondrodite, 2 Ca2SiO,.Ca(OH), 
(calciochondrodite), and the iron-boron analogue Fe2BO,.Fe(OH)., of 
norbergite. 
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$ ar nd minerais increase 
gressively from norbergite to clinohumite; in each mineral, however, the variable 
replacement of Mg = Fe** and F = (OH) results in a considerable overlap of the 
indices and density and, with the exception of norbergite, these properties are not 
sufficiently specific to ensure positive identification. 


limit A the 
The minerals of the humite group have a limited paragenesis and their 0 


rence is mainly restricted to metamorphosed and metasomatized limestones and 
dolomites, and to skarns associated with ore deposits at contacts with acid 
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plutonic rocks. The titanium-rich members of the group occur in kimberlite and 


carbonatites and some related rocks. Norbergite is named after the iocality, 
Norberg, Sweden, chondrodite from the Greek, chondros, a grain, in reference to 


the frequent granular appearance of the mineral, humite after Sir Abraham 
Hume, and clinohumite is so named because of its monoclinic symmetry 
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Humite Group 


Norbergite Mg(OH,F):. Mg.[SiO,] 


| Chondrodite Mg(OH,F),. 2Mg,[SiO,] | 
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Dispersion: 
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Cleavage: 
Twinning: 


Pleochroism: 


Unit cell: a(A) 


Space group 


Y 
1-563 - 1°567 
1°567- 1°579 
1°590- 1°593 
0°026- 0-027 
44°-50° 
r>y 
3°15-3°18 
6% 


Tawny ta chamaic: nale 
iawny to chamois; pale 


yellow to colourless in thin 
section. 
a pale yellow. 


B very pale yellow. 
y colourless. 


Pmcn. 
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6% 
{100} poor, sometimes distinct. 
{100} simple, lamellar 
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common. 
Yeliow, brown, red, greyish 
green; pale yellow to colourless 
in thin section. 


colourless, very pale yellow, 
browish yellow 
colourless, yellowish green 
colourless, pale green. 
7°87 
4°73 
10°27 
109 °2’ 
2 


P 2:/c. 


* Higher values for titanochondrodite, e.g. a 1:714, 8 1°717, y 1°750 for mineral containing 9-30 
TiO, wt. per cent (Aoki et al., 1976). 
> Lower values of 2V_ 50 ° and 65 ° reported by Meixner (1960) and Bradshaw and Leake (1964) 


respectively. 
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Orthorhombic (+) Monoclinic (+) 
B | z 
001 
az OOl_. 
/} | Nou ie N 
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a 1-607 - 1°6430 1-628 - 1-638 

B 1°619-1°655 1°641-1°654 

y 1°639- 1°675 1°662- 1°674 

é 0°029-0:031 0:028-0:041 

2Vy 65°-84° 73°-76° 

QZ — 9°-15° 

a=x, B=z,y=y, O.A.P. (001) y= y, O.A.P. (100) 

Dispersion r>yv r>yv 

D 3°20- 3°32 3°17-3°35 

H 6 6 

Cleavage: {100} poor. {100} poor. 

Twinning: — {100} simple, lamellar, 

common. 

Colour: Yellow, dark orange: Yellow, honey brown, 
colourless to yellow-brown in red-reddish brown, brown; 
thin section. colourless to yellow in thin 

section. 

Pieochroism: a very pale to dark yellow. golden yellow, deep reddish 

yellow. 

B colourless, pale yellow. pale yellow, orange-yellow, 
pale yellowish red. 

y colourless, pale yellow. pale yellow, orange-yellow 
colourless. 

Unit cell: a(A) 20°72 13°68 
b(A) 4:74 4:75 
(A) 10°24 10°27 
Bp 90° 100° 50° 
Z4 2 

Space group: Pmcn. P 2:/c. 
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Optical properties of manganhumite are given in text, p. 
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Structure 


General 


The crystal structures of the minerals of the humite group were first determined 
by Taylor and West (1928, 1929). They are all based upon approximately hexa- 
gonal close packed (O, OH, F) layers parallel to (010), in which half of the 
available octahedral sites are occupied by divalent cations, principally 
magnesium. Taylor and West noted and emphasized the similarities between the 
structures of humites and of olivine which are clearly indicated by their similar b 
and c cell parameters, and by their chemical formulae. The structure has been 
described as formed by stacking in the x direction unit blocks or layers of com- 
position Mg2SiO, and Mg(OH,F)>2. In norbergite the two kinds of block alter- 
nate, in chondrodite two ‘olivine’ blocks are followed by one Mg(OH,F):, in 
humite three to one and in clinohumite four to one (Fig. 203). In terms of 


OF . et ee 
eee 
COLOR EL 


O 3 
: 
(O- pie,ofese pee. of 


¢ 
« 
¢ 
C 


be 


® 
eS 
6) 
° 
@ 


v 


oft? 
oO | 
“: e/\e 
CaP LO 
Me 


‘@ 
~e1o 
Q 





>| 
¢ 
“i. 
ohe 
eo 
$X% 
Ke 

|} oF 19 

4 
08s 
ae 
° 

3 


ee 
A 
>, & 
P\s 
a 
a 


nN 


chondrodite 








| 
| 


? 
| 
Y. 
@ 4 
Cy 6 
os 
@ 
oy 
@ <¢ 
Oo 
ar 
€ 
C 
ae 
€ 
e< 
C 
i 
C 
e, 
f 


We 


a 
ite 
i: 


° 
an 


¢ 
Gs 
O 
x 
) 


€ 

ne 

A; 

ae 

oe 

> m 
PO Ole? 
YO, STAY 

cae 

Ly 


ee 
G) (YS f 
ood ° 
owe” 
‘BW 
« o © 
aaP 


O- [se ° 2) bee ° 
a ae * P00 Fee “O a OF 2 lex + [pe ° ; 
—— e @ ° e @ — 
i 2 . —@e ¢ 
Jor evedvedes [ode ed. 
oe humite Se clinohumite 


Fig. 203. The crystal structures of the humite minerals. Tetrahedra of anions are shown pointing 
alternately upwards and downwards; they contain at their centres Si atoms which are not marked. On 
the left of each figure, olivine-like blocks are marked O and intervening layers X (after Taylor and 
West, 1929, but in Prem or P2,/c orientation, see below). 
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numbers of oxygen layers per unit cell and for overall chemistry this is correct, 
but as pointed out by Ribbe e¢ ai. (1968) this description is misleading in detail. 
Chemically the humite formulae are correctly expressed as nM,SiO4. M(OH,F). 
where M is Mg, Fe, etc. and nis 1, 2, 3 and 4 for norbergite, chondrodite, humite 


na clinnhiumite recn 1 
and clinohumite respectively. Structurally, however, the (OH,F) and O ions are 


not confined to the two kinds of unit block, i.e. one olivine and the other brucite, 
but the blocks are, as described by Ribbe et a/. (1968), M2SiO;(OH,F) and 
MO(OH,F). The misconception about these structures has led to their incorrect 
description by many writers (including Deer ef al., 1962) as containing olivine and 


Sh ta allaita’ nte The Affi It he ha rta In 
brucite- sellaite components. ine airricuity reany af rises because certain 1ayers 


of anions are in fact shared between the two components of the structure and it is 
therefore somewhat arbitrary as to how they are allocated. The same is true 
moreover of some of the M ions, and Fujino and Takéuchi (1978) take up this 
aspect and present a different apportionment with structural formulae for the 


madanaciim anaA_mambere ac Fallawe: 
MIa@BiMUVoluis WELUETELINGTEIUUIL SO G0 LVI Wo. 
norbergite MeSiO,. 2Me(OH Fo 
saws Uwe Bae Va pirats Ze eo ViBtO Baga yr 
chondrodite Mg3Si20«. 2Mg(OH, F/O 
humite Mgs59Si30,0. 2Mg (OH,F)O 


clinohumite Mg7SisO,4. 2Mg(OH,F)O 


general formula Mg,,_,Si,O,,.2Mg (OH,F)O, with » = 1, 2, 3, 4. Thus they 
associate not only the (OH,F) but also one Mg and two oxygens of each ‘olivine’ 
unit with the non-olivine block. 


Yet another way of looking at humite ‘series’ is presented by Thompson 
(1978), who regards the members as built from olivine (O) and norbergite (N) 
modules. Thus chondrodite may be denoted as ONON, etc., or (ON), humite as 
OONOON, etc., or (O2N) and clinohumite as OOONOOON, etc., or O3N (see 


also Papike and Cameron, 1976). 


Interlayering of short sequences of one member of the humite group within 
another as host has been observed in clinohumites and possibly in chondrodites 
by electron microscopy (see p. 391), and may well have a more widespread occur- 
rence. 

The structural relationships among the humite minerals (and between them 


and olivine) are shown clearly by their cell parameters (Table 35). While b and c 
are similar throughout, @ varies systematically with the sequence of olivine and 
non-olivine layers in the structure. The last column in Table 35 shows the number 
of anion layers in the repeat distance do9;. The choice of unit cells in Table 35 is 


consistent with the optical orientations, morphological features and twinning 
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described in the text (see Jones, 1969). For comparison, forsterite is given with 


corresponding orientation although more conventionally it has az 4: 75, b= = 10° 2. 
c © 598A. Other workers have adopted the conventional forsterite orientation 


Table 35. Cel 


wee = sae 


a (Ay bay cc (A) B Space group = doo,(A) =a sin 8 
Forsterite 5:98] 4:756 10-195 90° Pmen §-98 24x 1-49 
Norbergite 8:727 4:°709 10°271 90° Pmcn 8°73 26x 1°45 
Chondrodite 787 4°733 i0°27 109 °2’ P2,/c 7:44 & 10 1:49 (Kk) 
Humite 20°72 4°735 10°243 90° Pmcn 20°72 = 14 x 1-48 
Clinohumite 13°68 4°745 10°27 100°S50' P2,/c 13°43 & 18 x 1°49 (x) 
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for the description of the unit cells of the humite minerals (see individual struc- 
tures, below). 
The relationships between the two choices of cell are given by 


=c,, 5,= = b,, B, = a,. 


where subscripts h and o denote the humite and conventional olivine orientation 
respectively. The respective space groups are Pmcn or P2,/c for h and Pbnm or 
P2,/b foro. 

Whereas previous analogies between the humites and olivines had been 
demonstrated, as above, Ribbe e¢ a/. (1968) emphasized the occupancy of oc- 
tahedra within the close-packed layers, as did Birle ef a/. (1968) considering 
olivine itself. Figure 204 for forsterite shows a zig-zag chain of edge-sharing oc- 
tahedra; this chain is abstracted in Figure 205 which shows also the comparable 


chain in each of the humite minerals. In the olivines all the tetrahedral sites lie 
between four oxygens and one- -eighth of all possible sites are occupied. In the 
humites some oxygens are substituted by OH or F and Ribbe er a/. (1968) con- 
firmed that none of the tetrahedral sites coordinated by one or more (OH, F) is 
occupied by a silicon atom. Compared with olivine, the formula of which can be 


written Mg nea Sh nn Or ang? the humites are Mg,,, 125i),0,,(OH, F)4, with n = 1, 2, 3 


4 for norbergite, chondrodite, humite and clinohumite respectively, indicat ting 
the omission of a silicon atom for every four oxygens replaced by (OH,F). The 
proportion of tetrahedral sites occupied by silicon in the humites compared with 
1/8 for olivine is then given by 2n/(2n+1) x 1/8, i.e. 1/12, 1/10, 3/28 and 1/9 
respectively for the four members of the humite group. An alternative expression 
indicating S Si omission is Mg,, Si, O4,.4F, OH), with x = 3,5, 7 and9 respectively. 

For the humite minerals and olivine, there is a linear relationship between unit 
cell volumes (normalized to take account of the different numbers of (O, OH, F) 
layers per cell) and the mean radius of the octahedral cations (Ribbe et a/., 1968). 
The latter workers also demonstrated a linear decrease of normalized volume 
with increased F/O ratio for forsterite, humite and norbergite. This was at- 
tributed not only to the smaller size of the F ion, but also to a decrease in 
polyhedral distortion due to the substitution of some Si by empty tetrahedra (see 
also Jones et al., 1969). 


Yamamoto (1979), however, points out that if this reasoning were valid the 
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Fig. 204. View down y, normal to the close-packed oxygen layers, in forsterite, showing zig-zag 
chain of edge-sharing Mg-octahedra cross-linked by Si-tetrahedra (after Gibbs and Ribbe, 1969). Axes 
are here labelled in the orientation of Table 35 (Prmicn). 
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Fig. 205. Schematic representations of the zig-zag octahedral chains in olivine, norbergite, chon- 
drodite, humite and clinohumite. The circles are octahedral cations in the (010) plane of the close- 
packed anion layer (orientations as in Table 35, Pmcn or P2,/c (after Ribbe et al., 1968). 


with increasing OH/O ratio, but in fact they increase. Yamamoto predicts the 
correct relationships between cell volumes and OH,O and F contents by consider- 
ing humite crystals as made up of OH, O and F-bearing blocks, each regarded as 


an 1 elastic body constrained to ‘have the same volume in ‘the overall crystal of solid 
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solution. The nor rmali MNZca cell volume is determined oY Minimizing tne total SUralll 


energy. 
The variation of cell p arameters with fluorine content has been determined 
also for synthesized no rbergi es, chondrodites and clinohumites (Duffy and 
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Greenwood, 1979). 
"LL. S109 amet Ane eth ne she ofa nt AL NU jl tan, 
Ribbe (1979) considers further tne C1icets OO VUri- F substitution on UCHSILY 
and refractive index for the humite minerals. The replacement of OH for F 
reduces density and refractive index more than might be expected, because of 


proton - proton repulsion, and the effect is more marked as the proportion of 


M(OH, F)O layers. increases, i.e. in going from clinohumite to norbergite and 
ultimately to brucite/seliaite. Ribbe suggests that the proton repulsion explains 
the high-pressure stability field for OH-humites and also the fact that OH- 
norbergite has not yet been synthesized. 

Jones et al. (1969) investigated the roles of various cations in the structures of 


the humite minerals. When Ti replaces Mg it is ordered in the Mg(OH,F) O 
gL I as rT 


ys 
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of the structure and there is an appropriate substitution of 2(0) for 2(0H,F), but 
little effect on cell volume. The substitution can be expressed in the chemical for- 
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mula nM2SiO,. M,_,Ti(OH,F),,,O,, (see also titanoclinohumite, p. 390). Non- 
stoichiometry of humites had been implied by previous work (Sahama, 1953; 
Bradshaw and Leake, 1964) but was not confirmed by Jones ef al. (1969). No 
epitaxial intergrowth or polytypism which might have led to non-stoichiometry 


esr4a0 Abc: stonan 


WaS ODSEI ved (but see p. 391). 


Norbergite 
The structure of a norbergite, Mez Si0,. MgF Fi -s(OH)o- 2, from Franklin, New 


Jersey, with a@ 4:7104, 5b 10°271 8, c 8°7476A, orthorhombic Pbnm, D 
3-177 g/cm’, was described by Gibbs and Ribbe (1969). The structure is based 
upon a slightly distorted hexagonal close-packed array of (O, OH, F) ions in 
which half of the octahedral sites are filled by magnesium and one-twelfth of the 
tetrahedral interstices by silicon. Zig- -zag chains of edge- sharing octahedra are 


hace crha ha as 


cross-linked by Si tetrahedra as shown in Fig. 206. These chains have a six- 
octahedron repeat leading to an orthorhombic cell as do the four- and ten-repeats 


of olivine and humite respectively. 


There are two crystallographically distinct Mg-O.F, octahedra: one (M2) 


similar to M2 in forsterite with two edge es sha red with other octahedra and one 


“2k al . LEM <. ee chew ee ~oe Qn ” 


with the Si tetrahedron; the other UWS) with four shared edges: - and F - F and an 
O - O edge are shared with other M3 octahedra, one O - O edge with an M2 oc- 


tahedron and one O - O with the Si tetrahedron. The M1 olivine type of oc- 
tahedron does not occur in norbergite though it does occur in chondrodite, 


Vl grt\ 


humite and clinohumite, all of which contain M2 and M3 type octahedra as well. 


The mean Mg - 6) bond length in M2 is larger than in forsterite but the M2 oc- 
tahedron is slightly smaller because of the smaller size of the F ions. The radius of 
oxygen in norbergite is in effect 0°11 A larger than that of fluorine. 

As in forsterite, oxygen is bonded to three Mg and one Si in tetrahedral con- 
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figuration whereas fluorine i is ordered in the anion layers and is bonded to t 
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Mg ions with which it is nearly coplanar. The replacement of four (O) by (OH,F) 
is balanced byt the replacement of one Si by a void as indicated in the general for- 
mula Mg,,Si,.,O,,.,(F,OH)., for the humite group in which x = 3 for norbergite. 

In the SiO, tet ahedra, those edges shared with Mg octahedra are shorter than 


aw WEN ea ie rid y 


_— 


oS 


wo 
7 
S57 


a 
—— 
————. 


(| gc lp 
a "\ ad \ 
ISN 
a XI HR ip 
Cee p< | | 


- Nd 


€ 


b= Snr a 


Fig. 206. View down x, normal to the close packed (O,OH,F) layers in norbergite showing zig-zag 
chain of edge-sharing Mg octahedra cross-linked by Si-tetrahedra. Axes are here labelled in the con- 
ventional olivine setting, Pbnm (after Gibbs and Ribbe, 1969). 
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those which are not and the Si-O bonds opposite shared edges are longer (1°635, 


1°638 A) than that (1°612 A) opposite the unshared edge. 

The variation of cell parameters with fluorine content (x mol. %) for synthetic 
norbergites has been given by Duffy and Greenwood (1979) as: a(A) = 4°7168 — 
0-0098 x, b(A) = 10°3188 — 0:0543 x, c(A) = 90440 — 0°3200 x. A variety of 
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compounds have been synthesized which embrace the norbergite ‘structure: they 
are listed with ceil parameters in Tabie 36. 


Table 36. Cell parameters of synthetic compounds with the norbergite structure 
(Given in conventional olivine orientation Pon) 








Compound a(A) b(A) c(A) Reference 
Mg2SiO,.MgF; 4°67 10:32 8°73 Christie (1965) 
Ca,SiO,.MgF, 4:69 10°36 8°73 Christie (1965) 
Zn2,SiO,.MgF, 4°67 10°3 8°72 Christie (1965) 
Fe,BO,FeO, 4°47 10°5 8°55 White ef al. (1965) 





In addition to those tabulated above, Christie (1965) reported Ca;Mg(SiO4)>.- 


2M eF 2 as having the norbergite structure, and also a norbergite analogue of 
bh 


‘A, Al,BeO,. MgF>. 


Chondrodite 
The structure of a chondrodite, Mg4.9sFeo.os(SiO«)2 Fi .(OM)o. 1, from 
Hangleby, Sibbo, Finland, with a 4-728 4, b 10°2539, c 7°8404 A, a 109-059°, Z 


= 2, monoclinic P2;/b, D 3:177 g/cm’, was determined by Gibbs ef al. (1970). 
The structure is based ona slightly distorted hexagonal close-packed array of (O, 
OH, F) ions in which one-half of the octahedral sites are filled by (Mg,Fe) and 
one-tenth of the tetrahedral sites by Si. 

Zig-Zag chains of e edge- -sharing octahedra are 
shown in Fig. 207. These chains have a five-octahedron repeat leading to a 
monoclinic unit cell, as compared with four, six and ten in olivine, norbergite and 
humite respectively, all of which are orthorhombic. 

There are three crystallographically distinct octahedra: M1, an MOg oc- 


tab nAene n2nxncnlancniic AA1 £ 
tahedron analogous to M1 in forsterite sharing two edges with tetrahedra and 


four with octahedra; another, M2, an MOSF octahedron, sharing two edges with 
other octahedra and one with a tetrahedron; and the third, M3, an MO4F, oc- 
tahedron, chemically and geometrically identical to M3 in norbergite, sharing one 
F-F and two O-O edges with octahedra and one O-O edge with the Si 


aten ean The cmall a samt Afi: : 
tetrahedron. The small amount of iron in the specimen studied was found to be 


concentrated in the MO, octahedron, as would be expected from crystal field 
considerations. 

In chondrodite, each oxygen ion is bonded to three (Mg,Fe) and one Si, 
whereas (F, OH) ions are ordered in the anion layers and each is bonded to three 
coplanar (Mg,Fe) cations, as in norbergite. Also as in norbergite, the replacement 
of four (O) by (OH,F) is balanced by the omission of a silicon atom, as indicated 
by the general formula M,,Si, ,O,.,(F,OH)s where x = 5 for chondrodite and 3 for 
norbergite. 

In the SiO. tetrahedron the three edges shared 
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the other edges, and the Si-O bonds to oxygens 
that to the remaining oxygen. 
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Fig. 207. View down x, normal to the close-packed (0,OH,F) layers in chondrodite showing zig-zag 
chains of edge-sharing octahedra cross-linked by Si tetrahedra. Axes are here labelled in the P2,/b 
setting (after Gibbs et al., 1970). 


The crystal structure of a synthetic hydroxyl-chondrodite, Mg(OH)2. 
2Mg2SiOg with @ 4752, b 10°350, c7:914A, a 108°71°, Z = 2, space group P2,/b, 
was determined by Yamamoto (1977). The structure is almost identical with that 
described above. Most interatomic distances are longer than in F-rich natural 
chondrodite, but there is no significant difference in the Si tetrahedron. The 
variation of cell parameters with fluorine content (x mol. %) for synthetic chon- 
drodites has been given by Duffy and Greenwood (1979) as: a(A) = 4°7359 - 
0-0104 x, b(A) = 10°277 8-0-030 6 x, c(A) = 7-952 6-0°161 5 x, a(°) = 108-84 + 
0°37 x. 

A synthetic calcium analogue of chondrodite, Ca(OH)2.2Ca,SiO4, was 
reported by Buckle and Taylor (1958) and its structure was determined by Ganiev 
et al. (1970). It is monoclinic P2;/b with a 5-05, b 11°42, c8°94A, a 109°18'. 

Alleghanyite, ideally 2 Mn2SiO,.Mn(OH),, is a manganese analogue of chon- 
drodite. For an alleghanyite from Rhiw, North Wales, with formula 
Mnq.6Feo.o6Mgo. 190Cao.06Bao.02T io. 30Si1-8808-39(OH)1.61, the monoclinic unit 
cell is @ 4°86, b 10°46, c 8-3 A, a 109°8’ (Smith et a/., 1944). 

X-ray powder data for an alleghanyite were given by Cook (1969) and the 
crystal structure of a specimen from Bald Knob, North Carolina, was determined 
by Rentzeperis (1970). The latter specimen, with close to the ideal formula, had a 
4°8503, b 10°7198, c 8:2747 A, a 108°64° (in monoclinic P2,/b setting). The 
average Mn-O distances were given as 3°177, 3:122 and 3-090A for the MnO.g, 
MnOs0H, and MnO,(OH), octahedra respectively. 

The structure of a titanian chondrodite was studied by Fujino and Takéuchi 
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(1978), who found a preference of Ti and Fe for the M3 site. They also noted a 
correlation between high Ti content and the high frequency of (100) twins in 
chondrodite. 


Humite 


The structure of a humite, Mge.s6Feo.4(SiO4)3 F(OH), from Sillbole, Finland, 
with a 4°7408, b 10°2580, c 20°8526A, orthorhombic Pbnm, D 3°245 g/cm.’. 
was determined by Ribbe and Gibbs (1971). The structure is based upon a slightly 
distorted hexagonal close-packed array of O,OH,F ions in which half the oc- 
tahedral sites are filled by (Mg,Fe) and 3/28 of the tetrahedral interstices by Si. 
Zig-zag chains of edge-sharing octahedra are cross-linked by Si tetrahedra (Fig. 
208). The chains show a ten-octahedron repeat leading to an orthorhombic cell as 
do the four and six repeats of olivine and norbergite (Fig. 205). 

There are four distinct octahedral sites; M(1)O.¢ and M(2)Og, like those in 
olivine, and M(2)0;(F,OH) and M(3) O4(F,OH), like those in chondrodite. As in 
the other humite minerals, the oxygens are bonded to three (Mg,Fe) and one Si, 
while the F and (OH) ions are bonded to three (Mg,Fe) in a nearly coplanar ar- 
rangement. The replacement of four O by (OH,F) is balanced by the replacement 
of one Si by a void as indicated by the general humite formula Mg,,Si,,O,, , 
(F.OH),4, where x = 7 for humite (sensu stricto). 

In humite there are two distinct Si tetrahedra one of which is similar to the 
single tetrahedron in norbergite and chondrodite. The three edges which are 
shared with (Mg,Fe) octahedra are shorter than those which are not and the Si-O 
bonds opposite shared edges are longer (1°630, 1°634 A) than that opposite un- 
shared edges (1°611 A). The other Si tetrahedron in humite is surrounded by three 
edge-shared and three corner-shared (Mg,Fe)-O¢ octahedra. 

Humite shows ordering of the Mg and Fe cations, Fe?* being concentrated in 


c= 20-85A 
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Fig. 208. View down x, normal to the close-packed (O,OH,F) layers in humite, showing zig-zag 
chains of edge-sharing octahedra cross-linked by Si tetrahedra. Axes are labelled in the P2,/b setting 
(after Ribbe and Gibbs, 1971). Subscripts after M2 indicate number of oxygens in octahedron, e.g. 
M2, = MO, (OH,F). 
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the more distorted octahedra with six oxygens and avoiding those with one or two 
(OH,F) anions. Ribbe and Gibbs suggested that this ordering tendency explains 
the fact that those humite minerals with more (F,OH) substitution contain less 
Fe?* (Fig. 209). Manganhumite, (Mno. 68Mgo-30F eo. 01Cao. 01)7(SiO4)3(OH)2, a 


manganese analogue of humite, from Brattfors Mine, Nordmark, Sweden, has 
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bee n described by Moore (1978), who gave its unit cell as a 10°54, 6 21°45, ¢ 
4-823 A, Z = 4, orthorhombic Pnma (a 4°823, b 10°54, c 21-45 A in Pbnm orienta- 
tion). Its structure was determined by Francis and Ribbe (1978). They noted that 


the apical Si-O bond distances of 1°600 and 1:604 A were the shortest yet found 


in humite group minerals. Site occupation refinements showed that the distribu- 
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tion of Mn (with no crystal field stabilization energy) is according to ionic size, as 
compared with Fe distribution in humite which is influenced by octahedral distor- 
tion. 

Leucophoenicite, Mn7[SiO4]2 (SiO4)(OH)2, is chemically like a manganese 


humite. hut its structure, while in some resnects similar. is nevertheless distinct 
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(Moore, 1967, 1970; see also Belokoneva ef al. (1973). 
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ig. 209. The average Fe/Mg ratio plotted against (F+OH)/O for 55 humite minerals (numbers of 


ces for cach minoaral encircled) (after Bihhe and Cihhs, 1071) 
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Clinohumite 

The crystal structure of a clinohumite, M8s.42Feo.soMNo.061 i0.02Cao-001(S1O4)4 
F,.04(OH)o.9300.03, from Hameenkyla, Finland, with a 4°744 1, b 10°250 1, c 
13°663 5 A, a 100°786 °, P2,/b, was determined by Robinson et al. (1973). As for 


the other minerals of the humite group the structure is based unon an hexagonal! 
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close-packed array of anions. Half of the octahedral sites are occupied, and in 
clinohumite one-ninth of the tetrahedrai sites. The octahedra are somewhat 
distorted because of the cation repulsions across shared polyhedral edges. Zig-zag 
chains of edge-sharing octahedra have a nine-octahedron repeat leading to a 


moanoaclinic cell (Fia 910) 
MOMOCuii Clu qoig. ivy. 


There are five distinct octahedra, M1, M1 and M2 with composition MOg, 


M2’ with composition MO,(OH,F) and M3 with composition MO,(OH, F)2. Two 
of the MOg sites are bonded to one Si and three M cations; the (OH,F) ions are 


coordinated by three M ions in nearly planar array. The replacement of four O by 
pu BY ic balanced by t the renla nt afin a Gi hy a void Ac indicat ted b by the 
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general humite formula Mg,,Si,.,O,,., (OH,F)., in which for clinohumite x = 9. 
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Fig. 210. View down x, normal to the close-packed anion layer, in clinohumite, showing zig-zag 
chains of edge-sharing octahedra cross-linked by Si tetrahedra. Axes are labelled in the P2,/b setting. 
Subscripts to M1, M2, etc. indicate number of oxygens in octahedron, i.e. M3, = MO,(OH,F), (after 
Kocman and Rucklidge, 1973). 
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As in humite, the Mg and Fe cations are ordered, with nearly all of the Fe in 
the more distorted MO, sites, avoiding octahedra with one or two (OH,F) ions. 


Thine amano the himite 1 1 ; i 
Thus, among the humite minerals, clinohumites, with least (OH,F), would tend 


to have the highest Fe content (see Fig. 209). 


Robinson et a/. (1973) also determined the structure of a titanoclinohumite, 
M87.33Fe:.oaMno.osTio. 419. 0001(SiO«)(OH): .940o. 96. _from Franscia, Val 


Aataile tla atha af Chin ahiumita hit the 
details are similar to those oF cunonumite Dut tnere 1s some contro versy about the 


octahedral site occupations. Robinson ef a/. found that in titanoclinohumite the 
Fe atoms are distributed almost randomly but with a slight preference for the M3 
site [MO.(OH,F)21], which is different from the Ti-free humite minerals, in which 
Fe avoids the M3 position. Enrichment of Fe in M3 was also found by Fujino and 


Tala hi (107Q)\ fF fl 1 f tit 1 1 : ’ 1 1 
Takéuchi (1978) for fluorine-free titanian clinohumite and titanian chondrodite, 


but in a structure determination of a titaniferous clinohumite by Kocman and 
Rucklidge (1973), it was found that Fe avoided M3. 

With regard to Ti distribution, Kocman and Rucklidge (1973) assigned Ti to 
M3, the site with most (OH,F), on crystal chemical grounds since the substitution 


of Ti for (Mg,Fe) is expected to be balanced by the replacement of O for (OH,F) 


according to the formula 4M,SiO4.M, pli(F, OH), », O,,. Fujino and Takéuchi 
(1978) also found a preference of Ti for M3 in 2 titanian ‘clinohumite and in tita- 
nian chondrodite, 2M,SiO..M, ,Ti(F,OH),,,0,,, but Robinson ef al. (1973) 
found a random Ti distribution i in their study of titanian clinohumite. 


Brace dQ Takéuch: (1078) ta that th 
rujiniG 42NG 1aKkcCucni (i7/o;7 NOC iat in their studies the maximum content of 


TiO, in chondrodite and in clinohumite are 10°19 and 5:7 wt per cent respectively, 
corresponding to about dne-quarter occupancy of M3 in the Mg(O,OH) layers by 
Ti in each case. They suggest that this is a structurally controlled limit for this 
substitution. Hydrogen atom positions were determined and would seem to give 


n tha 
rise to str ong repulsion in tne Mg(0,O0H) ! iayers, SO that replacement of (OH 1} by 


F or by O, Mg + 2(OH) > Ti+ 2(O), would help stabilize the structure. 
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Ribbe (1979) Presents the view that in all minerals of the humite group, Ti 


eoalacc «Ln mate bk “ae Wane AL 


prefers the M3 site, i. c. the MO, (OH, Oo F)2 octahedr On, which iS the smallest Ol 
all the octahedra in these structures. He suggests that the upper limit of Ti 
substitution is 0°5 atoms per formula unit, beyond which the electrostatic charge 
imbalance when Ti+ O replace M? + (F,OH), is too great. 


Gidit arr sf grit 


The variation of cell parameters ' with fluorine content (x mol. 70), for vos 
seen tee Lee ae eos tN NY 2TALO 


clinohumites las been given by Duffy and Greenwood (ivr) aS: Q(A) = 4° /409 - 


0:006 6x, b(A) = 10°248 1 - 0°022 3x, c(A) = 13°7163 - 0°1342x, a = 10°59 + 
0°35x. 


An electron microscopic study of two clinohumites (Muller and Wenk, 1978) 
showed the presence of (100) faults which could be interprete ed as one or two unit 
layers of humite and/or chondrodite interrupting the regular sequence of 


clinohumite layers. 


Sonolite, 4Mn,Si0,.Mn(OH,F):, is a manganese analogue of clinohumite. It is 
monoclinic P2,/b with a 4°88, b 10°66, c 14°33 A, a 100° 34’ (Yoshinaga, 1963). 
Powder data are given by Cook (1969). 


Chemistry 


A number of analyses of the various humite group minerals are given in Tables 
37-40. Several of the analyses show relatively large discrepancies from the com- 
positions of the ideal cell contents as represented by the formula: 


where M is Mg, Fe, Mn, Ca and Zn, x< 1, andn=1 for norbergite, = 2 for chon- 


drodite, = 3 for humite, = 4 for clinohumite. In some cases these discrepancies 
are most probably due to the presence of impurities in the analysed sample, in 


pevves Meee Fh Fee 


others to contamination by fine intergrowths of other members of the group, as 
well as to difficuities in the estimation of the fiuorine content. That non- 
stoichiometric compositions may occur in some minerals of the group has, 


however, been discussed by some workers; e.g. Bradshaw and Leake (1964) con- 
sidered that some humite minerals may consist of irregular numbers of 


sidered that some humite minerals may consist 
Mg(OH,F)2TiO; layers for a given number of Mg,SiO, layers. 

Aithough no evidence of non-stoichiometry or epitaxial intergrowths was af- 
forded in the large number of microprobe analyses presented by Jones et al. 


(1969), compositional faults, parallel to the (100) lattice plane, have been 
reported by Miller and Wenk (1978). Their electron microscopic examination of a 


clinohumite and a titanoclinohumite showed that the regular sequence of 
clinohumite units in both minerals is interrupted by thin layers of humite and 
chondrodite. Such compositional faults may be relatively uncommon but their 
presence in these two minerals show that non-stoichiometric intermediate com- 


positions in the humite series may occur 


Weta ea SA Vek BERR S eRe Owe aw 5ea Wiw whens 


The presence of appreciable amounts of aluminium is commonly reported in 
analyses of the humite group minerais, but as shown by the virtual absence of 
aluminium in the more recent microprobe data it is probably due to sample con- 
tamination. Thus in analyses of 55 humites, Jones et al. (1969) found that Al, as 
well as P, Cl, Cr, Co, Ni, Cu and Pb, were not individually detected at the 0:05 


wt. per cent level. 
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Table 37. Norbergite Analyses 


wa 


Nv 
2~ 
SA 
=O 


0 O+O0¢ 
Boome ORD m= C 
A NO om CO me 


La 


Or 
= NN 
oo 


& 
\o 


— 
A 
— 


LAA 
a . 
oo 






































1 2 

SiO, 29°74 29-60 
TiO, 0:42 — 
ALO, _ 0°53 
Fe,0, 0:60 
FeO 0:06 0:96 
MnO 0-01 — 
MgO 58-73 58°70 
Ca 0-15 — 
ZnO 0-05 — 
H,0* 1-52 1:50 
H,0- — 0:00 
F 16°77 13-55 

107°45 105-44 
-O=F 7-07 5-71 
Total 100-38 99-73 
a — 1:563 
B — 1567 
Y — 1-590 
2 44° 
D’ — 3-181 

Numbers of ions on the basis of five (0, OH, F) 
Si ee 1-012 
Al — 0-021] 
Ti 0: on | _— 
Fe** — | 0-015 | 
Ma 2-930 2-991 
Fe* 0-002 °° 0027 i 3-05 
Mn 0-001 — 
Ca 0-005 | _ | 
Zn 0:001 
OH 0338], 0- ae 
F 1772 7 2H 1-465 [~ 1°81 

aed 

mg* 99°9 98°6 


* mg = 100 Mg/(Mg + Fe” + Fe°* + Mn). 


Narharoita (lanes st nl 10405 
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Norbergite, limestone, Norberg, Sweden (Sahama, 1953). Anal. H. B. Wiik. 


Norbergite, limestone, Piukkala, Finland (Rankama, 1938). Anal. O. Jarnefeldt. 
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Humite Group: Norbergite, Chondrodite, Humite, Clinohumite 393 
Table 38. Chondrodite Analyses 
1 2 3 4 5 

SiO, 33°60 33°56 34°27 32°16 32°32 
TiO, 0-06 0:04 0°36 0-20 9°30 
Al,O; 0:24 0°12 0-22 0°73 0-01 
Fe,0, 0-05 0:27 0°36 0-60 _— 
FeO 0°86 1:26 4°36 6°08 10°49 
MnO 0°16 0°10 0-003 1°35 0-19 
MgO 59°30 58-95 55-01 53°21 43°61 
CaO 0:00 0-00 0°04 0-00 0-00 
H,0° 1°46 1:23 0:94 1:20 2°83 
H,0° 0-00 0:00 0:00 _— 
F 6°61 7:14 6-99 TAL —_ 

102°34 102°67 102-75 102°64 99:00 
—-O=F 2°78 3-00 2°94 2°99 0-00 
Total 99°56 99°67 99°81 99°65 99-00 
a 1-600 1-602 1602 1609 _— 
B 1°609 1611 1°612 1622 — 
Y 1628 1-630 1°633 1:643 — 
av, 72° 72° 71° 79° — 
D 3°177 3:19] 3:221 3°24) — 

Numbers of ions on the basis of 10 (O, OH, F) 
Si 1:950 1:952 2°019 1:921 2°000 
Al 0-016] 0-008] 0-015] 0-051] 0-000] 
Ti 0-003 0-002 0-016 0-009 0-433 
Fe** 0-002 0-012 0-016 0-026 — 
M $°129] .. 5°101] .. 4-830 4°739| .. 4:020|. ana 
Fel’ o-0a2[5 20 0-085 9 Oo ase 09 0304f5'20 9-543 i 02 
Mn 0-008 0-005 0-000 0:068 0-010 
Ca 0-000 0-000 0-002 0-000 0-000 
OH 0°565] 0-477] 0:370] ,. 0-480] |. 2-000]. 
F 1-213! 78 1308f!'79 = 4-393! °67 1344p! 82 "00 
mg* 99:0 98°5 97°4 92°3 87-9 
*mg = 100 Mg/(Mg + Fe?* + Fe** + Mn). 
* Includes Ni 0:009, Cr 0-003. 
1 Chondrodite, limestone, Hangelby, Sibbo, Finland (Sahama, 1953). Anal. H. B. Wiik. 
2 Chondrodite, limestone, Sparta, Sussex County, New Jersey (Sahama, 1953). Anal. H. B. Wiik. 
3 Chondrodite, imestone, Ershy, Finland (Rankama, 1938). Anal. K. Rankama (incl ludes Na20 0°13, K20 


0-07). 


4 Chondrodite, in matrix consisting of sphalerite, galena and chalcopyrite, Kafveltorp, Sweden (Sahama, 1953). 
Anal. H. B. Wiik. 
§ Titanochondrodite, kimberlite, Buell Park, Arizona (Aoki ef ai., 
average of twelve analyses, H2O calculated from theoretical formula of Jones ef al., 


1976). (Includes Cr2O3 0:08, Ni0-17 
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Table 39. 


SiO, 


Tin, 
BING? 


ALO, 


Fa. 


aeq7vj 


FeO 


Man 


Avasews 


MgO 


Total 


Orthosilicates 


Humite Analyses 























1 2 3 4 5 
35-79 33-80 34°73 34°56 28°62 
2°00 _ 0°46 _ — 
0°79 2°94 0-00 1°46 — 
0°33 0°63 0°40 2°66 _— 
3°31 4:29 4°75 177 0-80 
0°84 0-29 0°52 0°66 $3-66 
54°51 53°50 55°51 48°93 13°44 
0-00 — — — 0°62 
0°91 1-49 1-25 1:70 2°86 
0-00 — 0-00 — — 
2°77 421 4°37 3°68 _ 
101-25 101°15 101°99 101-42 100-00 
1:17 1:77 1°84 1°55 0-00 
100-08 99-38 100-15 99°87 100-00 
1641 1-607 1-624 1°643 — 
1-649 1-619 1-633 1-655 — 
1-672 1-639 1-653 1-675 _ 
75° 77° 66° 68° — 
3-243 3°202 3°245 3273 — 
Numbers of ions on the basis of 14 (O, OH, F) 
2:974 2°803 2°880 27912 2°985 
0°077 0°287 — 0°145 _— 
0-125 — "| 0-029 —_ _ | 
0-025 0-040 0:025 0-169 _— 
6-751 [-7°27 6°615 |- 7°26 6°8601+-7°28 6°143 --7°05 2089 +-6°97 
0°230 0°298 | 0°329 i; 0°548 f 0:070 [ 
6°05$ 0°626 0°036 0°047 4°743 
| — | 0-000 — | 0-070 
0504] 1.5, 9°825]_ 1.9, 9°692]_ 1g, 0958] 1g, 1991 9g 
0-728 1-105 1-146 0-981 | — + 
95°6 94:9 94°6 88-9 30°3 


*mg = 100 Mg/(Mg + Fe2* + Fe>* + Mn). 


A & WN = 


Humite, limestone, Lohja, Finland (Sahama, 1953) Anal. H. B. Wiik. 

Humite, limestone, Hermala, Finland (Rankama, 1938) Anal. O. Jarnefeldt. 

Humite, limestone, Sillbdle, Finland (Sahama, 1953) Anal. H. B. Wiik. 

Humite, limestone, Hermala, Finland (Rankama, 1938) Anal. O. Jarnefeldt. 

Manganhumite, skarn associated with magnetite- manganosite ore, Biattfors mine, Nordmarks, Odaifait, 


Sweden (Moore, 1978) a 10°54, b 21°45, c 4°82 A (composition calculated for (Mng.63 Mgo.30 Feo.o1 


Ca 
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Table 40. 





1 2 
37°18 38°44 
2°92 2°99 
0-49 _ 
2°24 4°87 
0-04 tr. 
55:09 51°89 
1:30 1°50 
0-25 — 
0-95 1°30 
100-46 100°99 
0:40 0°55 
100-06 100°44 
1-638 1°638 
1:650 1°654 
1°670 1°685 
76° 73° 
9° 9° 
3°23 3°23 
Numbers of ions on the basis of 
3°956 4:077 
0-234| 0-238| 
0-°040 — 
8:736+ 9:21 8 202|-8°87 
0-200 0-432 
0-004 — 
—- J —- J 
07923) 1.04 1061 159 
0-320] 0°436] 
97°3 97:2 


Clinohumite Analyses 





mg* = 100 Mg/(Mg + Fe?* + Fe>* + Mn) 
* Inciudes Ci 0-036. 
» Includes B 0-150. 
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3 4 5 
37°65 37°12 37°18 
5-40 1:48 0-00 
_ 0:77 0:26 
—~ 0:32 0:00 
3°41 3°44 4:31 
0:50 0-15 0-23 
51°74 54°85 53°30 
0-10 — 0-84 
1°57 0-88 1°26 
_ 0-00 0-21 
0:06 1:70 1°86 
00°63 100°71 100°61 
0-08 0:72 0:82 
00°55 99-99 99:79 
— 1°633 1628 
— 1°643 1650 
— 1674 — 
— 73° — 
9° — 
— 3-215 3°17 
(0,0H,F) 
4-000 3-964 4:002 
=“ ~ anal na naa lt 
— O09] 0°U034 
0°432 0-119 0-000 
— 0-026 0-000 
8:192 + 8-98 8:729 |-9-29 8°574+- 9:27° 
0-303 0:307 0-389 
0-045 0-013 0-021 
0-011) — | 0-097] 
V2] pqe 0°626] 14g 0°90T yg 
vu VLyv |} vo my] uv D050 J 
95°4 96°2 95°4 


Clinohumite, with phlogopite and tremolite in marble, Bhandara district, India (Muthuswami, 1958). Anal. J. 


Titaniferous clinohumite, vein in ultramafic alkaline complex, Gardiner Plateau, Kangerdiugssuaq, east 


Greenland (Nielson and Johnsen, !978), a 13°6819, b 4°7436, c 10°2655A, B 100-927 1°. 


wwe 


TTMtananclinahimita enotharn TI 
PRanOCwnONUMle, sOUTTCOn U 


Starynkevich (includes C1 0°20). 


ale (Darnama 


1@lS LOVING 


nm Ctarun 
-otaryi 


Lannh and hMavacenibnew 1aEM Amal 1 Tm 
AGVICL GHU IVIYASIUIAVUY, L7IV). Cilial. 1. bs, 


4 Clinohumite, limestone, Ojamo, Lohja, Finland (Sahama, 1953) Anal. H. B. Wiik (corrected for 10.1% 


admixed forsterite). 
5 Clinohumite, in intergrowth with magnetite, Archaean of eastern Siberia (Serdyuchenko, 1967). Anal. O. V. 


Uranova (includes B20; 0°81, K20 0°10, P205 0°02, Cl 0-23). 
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Table 40. 


Orthosilicates 


6 


tod 
7 
LA 
tad 


LUN 
Loves 
Lad LA 
aALRAR 


vom | 
BES 


o 


— pos 
— 


r= 


—_ 
8 
Ne 
n 


1°629 
1-641 
1-662 
73° 
11° 
3-260 


Numbers of ions on the basis of 18 (O,OH,F 








‘o 
eo Tt 


4 Includes Ni 0-017, Cr 0-003. 
“Includes Ni0-018, Cr 0-005. 
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Clinohumite Analyses - (continued) 


3°943 


vruvl 


0-403 





7°598 + 9-007 





mM, ana, 


Caicvuiareég, VAISS INI U TY, ©i2V 3 OV Ve.) 
8 Titanoclinohumite, metamorphosed peridotite, Franscia, Val Malenco, Italy (Robinson et a/., 1973); a 


4:745 1, b 10°288, c 13-709 A, @ 101-00 °. 
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Clinohumite, limestone, Hameenkyla, Finland (Sahama, 1953) Anal. H. B. Wiik. 
Titanoclinohumite, kimberlite, Buell Park, Arizona (Aoki ef ai/., 1976). Average of 38 analyses; HzO 


calentleatad (Teclidac ko n-1a Cr 


3°972 
nanes 


vuoi 


0°433 





7°492 - 907° 
1-095 
0-023 


o-0n1 
WUE | 


MPL yap 


85:1 





9 Titanoclinohumite, kimberlite, Buell Park, Arizona (Fujino and Takéuchi, 1978). (Includes NiO 0°20, Cr,0, 


0:06; H2O calculated); a 4°745, 6 10°283, c 13°699A, @ 101-00°. 
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The main cation substitution in the members of the group is Mg = Fe?* but, 
unlike the olivine series, the replacement of magnesium by iron rarely exceeds 10 
atomic per cent. In the chondrodites listed by Thiele (1940), FeO varies between 
2°64 and 10°54 wt. per cent, while a survey reported by Jones ef al. (1969) shows 


that iran rangec from 1:4 to 7: 3 wt, ner cent The renlacement of Mo hv Fe in 
Peacat sthwe LULLED AWAak WY UW i v}ws WwWwhbbe a2 414 bw PLU wkhstwese Wa sve vy a w sak 


general increases (and that of (OH) by F decreases) in the series from norbergite to 
clinohumite. 

It is generally believed that most or all the iron is located in the ‘olivine’ part of 
the structure (see p. 381). Ferric iron is reported in some humite group analyses 


nd hv analogy with t he olivine cariac the relatively small amounts found may be 
and, vy agama VEY eae the WAV LEAN ONL Iw, LAIN LWIA SeeaQaLL ar BAWUELE awaits anaay vw 


present in the structure (Sahama, 1953). Borneman- Starynkevich and Myasnikov 
(1950), however, noted that Fe?* may result by the oxidation of Fe** during 
mechanical crushing, and the presence of ferric iron in unaltered material remains 
uncertain. 


. . 
Manganace nonally anly in all amounts present in many humite 
wwaaligamese, UsSuauy Omiy in Is present DY OUmMIce 


minerals; Jones et a/. (1969) give a 4 range between 0:0 and 1°05 wt. per cent Mn. 
Manganese analogues of chondrodite, humite and clinohumite, approximating to 
the compositions 2Mn,SiO,.Mn(OH,F), (alleghanyite), 3Mn,SiO4.Mn(OH,F), 


(leucophoenicite) and 4Mn.SiO,.Mn(OH,F); (sonolite), however, occur natural- 


ly (Tahle 41) Althniuah craleoinhiumitec have heen cunthacized (cas n ANS raleium 
ay Va Gre Gay. FAaeOU Er CatiOmuirs Mave OOCal Syria Z0G pote pp. Susy, Caitiuali 


is present only in minor amounts, and those analyses showing an appreciable 
quantity of calcium are probably due to carbonate contamination. 

The content of titanium in the majority of the humite group minerals, as in 
olivines, is small. An increasing number of chondrodites, humites, and 


eplinnhiumitec and narticularly the latter with annracinhle and eamoetimac large 
cunonumites aliu pat livulaily Cale ACALLNL, VV ALE A@PpPiveviauie GLI OVININUTTLIVD Iai BY 


amounts of titanium have, however, been reported, e.g. the titanochondrodite 
(Table 38, anal. 5) with 9°30 wt. per cent TiO. described by Aoki ef a/. (1976). 
The location of these large amounts of titanium has been variously attributed to 
the substitution Si = Ti (Machatschki, 1930), to Mg = Ti in both the 


Sid, (OU F) and Ms(OH BY O structural! layers and t o Mg = Ti rectricted to 
aVa ANWOLA INU LY 


Mo 

NiP2510 BU ady, as qaiiua AVABLNZSL Agh Jw al aay Oy, Au to 

the Mg(OH,F)O layer. There is little or no evidence of any silicon deficiency suf- 
ficient to account for the amount of titanium present in the main group of the 
humite minerals, but much that supports the conclusion that titanium is located 


in the octahedral sites of the structure. Such a replacement necessitates a com- 


nlemoantary aihetitutinn af (OU FP) hvu avvaan Ti + VOD =—= (Moa Fo) + 
piemeniary S9UuUVOLILULIVEi Vi (was ayi } vy VAY BWI, 1. €. ai ' aL) v tims» a VJ ' 


2(OH,F). That this replacement is restricted to the Mg(OH,F)O layer is largely 
substantiated. For example, for the titanochondrodite and titanoclinohumite 
described by Aoki eft a/. (1976), in both of which there is a high content of 


titanium, the M/Si ratios of 2°51 and 2:28 approximate closely to the ideal values, 


9-§N and 9- 25, recnactively where AS (actahadral ratinn content’) = (Mo + Fe + 
2°59 aig £2 PESpecCiuivery, Waele ive VOC aICGr a: CauOnm COmieiiiy vvig 7 


Mn + Ti+ Ca + Zn). The validity of the replacement Ti + 2(O) = Mg + 2(0OH,F) 
is further supported by the compositions of the titanochondrodite and 
titanoclinohumite in the intergrowths of the two minerals in the Buell Park 
kimberlite. Thus the proportion of Ti/Si in the chondrodite (0°379/2-000) is twice 


tha nrannoartian (N°276 /A-MNM in the clinanhimit 
LHI PIUPYVUIUVILYY FIs YUU) MA Ue clnonumite. 


For microprobe analyses of the humite minerals it is necessary to calculate the 
content of (OH), and the following method given by Jones ef a/. (1969) is based 
on the assumption that titanium is ordered in the Mg(OH,F)O region of the struc- 
ture in accordance with the group formula, n{M2SiO,]. [M,..Ti,(OH,F),.2.,O,,], and 


that tha rati nd alartracta pha a hala Lram the general 
tna ine cations ana anions are in e1ectr ostatic Cnar ge oaiance. PIV UN BVLIViIal 


formula it can be deduced that (2n/[2n + 1})M,,, where M,, = the sum of the 
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Table 41. Alleghanyite, Leucophoenicite and Sonolite Analyses 





1 2 3 4 
SiO, 22°86 27°32 23°68 22°62 
TiO, 4°81 — 0°13 0-14 
Al,O,; —_— <0°'1 3°60 3°44 
FeO 0°78 — 1-3] 1°82 
MnO 66°15 62°98 63°22 67°08 
MgO 0°82 1°76 4°86 1:25 
CaO 0:77 S‘ll 1:03 0:92 
Zno0 _— 3°30 — — 
H,0* 2°94 2°64 2:00 2°73 
QC Nn.I3n 

99°85 103-1} 100°13 100°00 
—-O=F _ _ 0°13 — 
Total 99°85 103-11 100:00 100-00 
a — 1°75] 1°763 1-763 
p — 1:77] 1:779 1°:779 
y — 1°782 1°793 1°792 
2V, — — 75 °-82° 70°-73° 
az — — 9°-10° 10° 
D 4-088 3°62~3-93 3°82 3°87 

Numbers of ions on the basis of 

10(O) 14(O) 18(O) 18(O) 
Si 1°877_ 3-004 _ 3°434_ 3342 _ 
Al — — 0°615 0°598 
Ti 0°297 | — | 0:015 | 0°016 
Mg 0-100 | 0:289 1-050 0-275 
Fe?* 0-053 i. 5°14° 7:02 0-159 L oer 0:226 | 5-66 
Mn 4602 5°866 7:769 8°396 
Ca 0-068 | 0°601 0: 160 | 0°145 | 
Zn _ 0°268 _] — 4 — J 
OH 1°610 161 1°934 1-92 1-935 L>. 4 2°138 14 
F —_— on —_ aoe O38 | ~~ —_ ~ 


* Includes Ba 0-023. 


1 Alleghanyite, manganese mine, Benallt, Lleyn Peninsula, Wales (Smith ef a/., 1944) (Analysis corrected for 
admixture of tephroite 8-5, banalsite 1-75 wt. %.) (Includes BaO 0:72.) 

2 Leucophoenicite, Franklin, New Jersey (Moore, 1970). Optical data from Penfield and Warren (1899). 

3 Sonolite, manganese deposit, Hanawa mine, Iwate Prefecture, Japan (Yoshinaga, 1963). Anal. M. 

Yoshinaga. (Recalculated analysis, after deductions for impurities of rhodochrosite, bementite and 

pyrochroite.) 

Sonolite, manganese deposit, Kusugi mine, Yamaguchi Prefecture, Japan (Yoshinaga, 1963). Anal. M. 

Yoshinaga. (Recalculated analysis after deductions for impurities.) 
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atomic proportions of all octahedrally coordinated cations including Ti, 
represents the atomic proportions of the octahedral cations in the M,SiO, part of 
the structure, and that {1 — (2n/[2n + 1])}M,, = (1/[2n + 1]) M,, the atomic pro- 
portions in the M, ri (OH, F),.2,0 De layers. Each octahedral cation in the latter is 
balanced b by 20H, F). When there is no titanium present the atomic proportion 
of (OH,F) is given by 2(1/(2n + 1])M,,; if titanium is present then 2(OH,F) are 
replaced by 2(O) for each titanium. Thus (OH+F) = 2(1/[2n +1])M,, — 2Ti, and 
(OH) is given by 


(OH) = (2/[2n + 1])M,, — 2Ti- F 


The presence of small amounts of boron has been reported in some humite 


group minerals, and a survey by Oftedal (1964) showed a maximum B,O; content 
of 0:02 (norbergite), 0°05 (chondrodite) and 0°1 wt. per cent for both humite and 
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clinohumite. A “considerably larger value for B,O; ‘(0° 81 wt. %) in clinohumite 
(Table 40, anal. 5) from the Archaean of eastern Siberia was later reported by 
Serdyuchenko (1967). Boron concentrations of up to 0°71 atomic per cent 


(equivalent to 1:20wt. per cent) in 15 chondrodites, ranging from 80 to 6275 
p.p.m., were found by Hinthorne and Ribbe (1974) and 272 p.p.m. B ina 
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clinohumite has been reported by Malinko et a/., 1978). Two of the chondrodites 
containing appreciabie amounts of boron have a significant deficiency in silicon, 
and the replacement of Si by B in tetrahedral sites amounts to 6 and 5°3 per cent 


respectively.“) The analytical data, numbers of atoms per formula unit nor- 
malized to 2(Si +4 B), and the stoichiometric ratio® 2° 5(S1 + B)/M,, for the 15 chon- 
1 
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drodites, some of which are detailed in Table 42, have been presented by Hin- 
thorne and Ribbe. Assuming that the +4 charge on titanium is balanced by the 
substitution O = (OH,F) according to Ti + 2(0) = (Mg,Fe) + 2(OH,F), the 


Table 42, Chondrodite boron content and cell contents* (Hinthorne and Ribbe, 1974) 
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(p._p.m.) Mg Fe Mn Ca Zn_ Si B Ti F OH* Stoic.? 


1-002 1865 4°89 0-026 0-002 0-000 0-008 1:969 0-031 0-000 1:03 0°93 1-018 
0-975 1530 4:98 0:064 0:003 0:002 0:004 1:974 0:026 0:009 1°51 0°49 0-988 
1-012 80 4°85 0°063 0-008 0-002 0-003 1:°999 0-001 0°010 1:23 0°73 1:012 
0:928 7110 4:90 0°138 0-005 0:002 0-001 0°188 0°120 0°016 1°88 0-11 0°987 
0-953 6275 4°81 0°137 0:006 0:002 0:000 1°894 0-106 0°014 1°69 0°26 1:007 
0-985 1380 4:79 0°153 0°:007 0-001 0:001 1:977 0:023 0°071 1:27 0°59 0°996 
0-966 1790 4-73 0°317 0:014 0-003 0-003 1:969 0-031 0°027 1:47 0°51 0-981 


* The number of oxygens per formula unit is (8 + 2x) where x is the number of Ti atoms. 


b 
S,=2°5 Si/Y 
© Hydroxyl content calculated using the method of Jones ef a/., 1969: OH = 0-4 M,,— 2 Ti— F. (see p. 397). 
4 Stoichiometric ratio = 2°5 (Si+ B)M,, 


' Formulae 
2(MB8,.960 Feo2069 MNo.002 Cao-001 [Sio.940 Bo.o60 O4}). M8o.984 Tio.o16 Fi-s9 (OH)o.11 Oo-o16 


2(M81.911 Feo.o6s MNo.003 Cao.001 [Sip-947 Bo-os3 O«)). MBo-986 Tio-014 Fi-69 (OH)o.26 Oo-o14 


? For stoichiometric humite group minerals the ratio S, = 2 Si/[2n/(2n + 1)] M,, should be 1-000 
where Si and M,, are the atomic proportions of tetrahedrally (mainly Si) and octahedrally coordinated 
cations respectively. Thus for chondrodite S, = 2°5 (Si+ B)/M,,. 
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substitution of boron for silicon requires either the replacement of the divalent 
metal of the M sites by monovalent cations, or additional substitution of hydro- 
xyl replacement for oxygen. In view of the presence of only trace amounts of 
monovalent cations the anion substitution is considered to be correct. 


The cantente af ather cratinane which may acour in tatrahadral cacnr dir natinn 
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aluminium, range 75-200, average 100 p.p.m, phosphorus < 100 D. .m, and 
beryllium < 20 p.p.m. The average content and range of lithium (13, 1°9-31), 
sodium (120, 16-530), potassium (100, 5-880) titanium (1150, 12-3700), 
vanadium (16, 9-26), manganese (750, 67-3 400), strontium (1°8, < 0°1-7), 


tte 2 £1199 “7 NA_®: nd chr wm {ec ANA am \ 
yurium (0° O,™»~ Vil hs 1), ZirCOmium (2 i, Vv 4- oO 7) ana chromium ™ 130 p.p.Il.) 


are also given by Hinthorne and Ribbe (1974). 


Experimental work 


An account af the early attemntc 
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Rankama (1947) who then reported ‘the solid stat - synthesis of ‘norbergite by 
heating the stoichiometric proportions of magnesium-rich olivine, Fogo, and 
MgF> at atmosphere pressure, and the formation of norbergite, chondrodite and 
forsterite on heating a mixture of norbergite composition for two hours at 


1490 °C. Tha hudratharmal cunthecic af chandradite and humite tagather with 
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serpentine and talc, had previously been described by Jander and Fett (1939), and 
later by Karyakin and Gulko (1954) who reported the crystallization of fluor- 
humite group minerals and cuspidine, as sublimates on the walls of periclase 
crucibles in which mixtures of quartz and fluorite were heated to 1250 °C. The 
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to synthesize the hydroxyl end-member was later reported by Van Valkenburg 
(1955). The formation from compositions in the system MgO-MgF,-SiO, of 
norbergite, chondrodite, humite and clinohumite by solid state reactions at a 
temperature of 1200 °C was reported by Fujii and Eitel (1957). In a subsequent 
investigation of the same system Hinz and Kunth (1960) showed that both 
norbergite and chondrodite crystallized as primary products from melts on the 
join Mg2SiO,-MgF2, but humite and clinohumite only from solid state reac- 
tions. Norbergite was found to melt incongruently to chondrodite at 1345 °C, 
and chondrodite to melt incongruently to forsterite at about 1450 °C (Fig. 211). 


The wnrimary nhaca Fialde af narhergite and chandradita in the cyctam 
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MgO- MgF,-SiO, are shown in Fig. 212. The system contains a ternary eu- 
tectic norbergite-periclase-sellaite at 1192°C, and two reaction points 
norbergite-chondrodite- periclase at 1330 °C (composition MgO 34, MgF, 53, 
SiO, 13 mol. %), and chondrodite - forsterite- periclase at 1440 °C (composition 


Mo) AO Mob 90 S19, 99 mal %,) 
IVEBY FF, VIER 2 £7, OIL? £4 TOL. 7/0). 


Phase relationships in the system MgO-MgF.2-SiO,-H.20 have been studied 
by Duffy and Greenwood (1979). In this investigation the pure fluor-humite end- 
members were synthesized in sealed platinum capsules at approximately 1 atm, 
but attempts to synthesize such materials hydrothermally gave hydroxyl- bearing 
huimites together with additional phases. Based on the determination of the com- 
positions of coexisting phases in 40 hydrothermal experiments, Duffy and Green- 
wood obtained data relating to 18 chemical equilibria that, in conjunction with 
previously determined phase equilibria and calorimetric data, were used to con- 
struct a thermodynamic model of the MgO- MeF.- SiO, H.20 system. The 
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Fig. 211. Phase equilibrium relationship in the system Mg,SiO0,-MgF, (after Hinz and Kunth, 
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Fig. 212. Phase equilibrium relationships in the system MgO- MgF,; - SiO;. E Ternary eutectic: R,, 
R, reaction points at 1330 °C and 1440 °C, respectively (after Hinz and Kunth, 1960). 
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shown in Fig. 213. Fluorine is distributed between each mineral in the phase 
assemblages and leads to a shift in the stabilities of the hydroxyl minerals. Com- 
positions of the fluid phase coexisting with solid solutions of definite composi- 
tions that are mutually in equilibrium are illustrated in Fig. 214. The derived 
Gibbs energies of formation from the components MeQ, MoF.,, SiO, and H,O at 
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1023 °K and 1 bar for the norbergite, chondrodite and clinohumite hydroxyl and 


fluor end-members are respectively. AG® (cai/mol) 5333 and -1572i, -12031i and 
-31161, and -41347 and -58853. 


Hydroxyl-chondrodite and hydroxyl-clinohumite have been synthesized at 
considerably hicher pressures (Yamamoto and Akimoto, 1977), and both nhases 
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have been shown to occur as stable phases at pressures between 29 and 7 kbar 
SiO, Q SiO; 
AN /\ 
Ii \ Ler os J \ 
/ Htc Lorre FBFS / \ 
(a) Wy Fo PY / \ (b) 
/ wet ret, / \ 
cow // / HERE, /'/ \ 


n30 


|| rn 


6.25 / | Ny \ 


0.05 \ 0.009 0.02 
0.010 ~ // 0.93 1.35 


~ 0.001 0.1 
0.015 0.01 


oI. \ \\ 
Uy | ff |/i Sas SS 
FONE PE SN ZO NO SSN 


“hw la “oan d 
tS srontroite | 
Ne 

al NAN | 
=) 


2.In(/y,0/SHF) 


clinohumite 





0.0 02 04 06 O08 1.0 


x fluor end-member 


Fig. 214. Plot of the Su.o/Sur ratio versus the composition of the solid solution phases in the 


system MgO - MgF 27 SiO, - H,0 at Z kbar, 1623 °K (after Duffy and Greenwood, 1979). 
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and temperatures of 470 to 1225°C in the system MgO- SiO2- H20. The ex- 


perimental data are illustrated in a series of isobaric sections showing the phase 
relations as a function of temperature and mol. per cent MgO (calculated for 
anhydrous compositions); two sections, at 29 and 77 kbar are shown in Fig. 215. 
Clinohumite crystallizes from mixtures containing 68 < MgO mol. per cent < 75 


at temperatures above about 730°C, and forms either from. brucite and forsterite 
from phase A, 2Mg,SiO,. 3Mg(GH)” ~by solid-solid reaction and from 
forsterite + magnesium-rich water. Chondrodite is formed from either brucite 
and clinohumite, from phase A and clinohumite by solid-solid reaction, from 
the decomposition of phase A, and from clinohumite and magnesium-rich water. 
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Although the stability fields of both clinohumite and chondrodite at high 
pressures in the system MgO-SiO.2-H,0 are restricted to the part of the system 
considerably richer in magnesium than are mantle rocks both phases have been 
suggested as possible sites for water in the upper mantle. 

The formation of clinohumite and chondrodite by solid state reacti 
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on 
natural starting materials occurring commonly in lower grade metamor phosed 
siliceous dolomites has been described by both Becker and Hoschek (i973) and 
Tell (1974). The former synthesized hydrothermally clinohumites with vary- 
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' The crystal structure of 2Mg,SiO,.3Mg(OH), has been determined by Horiuchi er a/. (1979). It is 
hexagonal, space group P63, a 7°860 3, c9°573 0 A 


404 Orthosilicates 


ing replacements of fluorine and hydroxyl anions, viz. 4Mg2SiO.. Mg 
(Fo-3-0-6OHo.7-0.4)2 from hydroxy-fluor - tremolite and dolomite. The reaction: 


fn MAn Cs TY (fNVUI Rp V1 IBM nNOS — 
V@2Ivig Sig 220 ri1.4l 0-6) T 19 JV avi g(t VU 3)2 — 
tremolite dolomite 
0°6 [4Mg2SiO4. Mg(OH1.0F1.0)] + 5°6Mg2SiO, 
clinohumite forsterite 
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calcite 


was shown to be reversible at the total pressure of 4 kbar, temperatures between 


575 and 650°C, and in the X,,., range 0:05 to 0°55 used in the investigation (Fig. 


216a). 
The gas composition- temperature dependence of humite mineral formation 


has heen investigated by Tell (1974), With ctartingo mixtures cancictinga of 
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dolomite + quartz and fluorite i in ratios of 3:1:1 and §:2:1, and with 1:7:2 
talc, dolomite and fluorite at a total pressure of 2 kbar the temperature of the 
stability boundary for the coexistence of the phases of the initial mixture and the 
products of the reaction, chondrodite + calcite: e.g. 


Mg3Si40;0(OH), + 7CaMg(CO3). + 2CaF, = 


talc dolomite fluorite 
2(2Mg2SiO4.MgF>) + 9CaCO; + SCO, + H,0 
chondrodite 


was found to rise from 380 to 500°C with a corresponding increase, from 0°0 to 


0:4. in the mole fraction CO.;, and then remained almost constant with further in- 
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creases in the mole fraction of CO, (Fig. 216b). 

The data of Duffy and Greenwood together with those of Skippen (1974) and 
Robie et al. (1978) have been used by Rice (1980) to calculate the P-7-X 
stability of clinohumite and equilibrium constants for eight reactions in which 





(F,OH) clinohumite + forsterite 
+ calcite 





0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.1 0.3 0.5 0.7 0.9 1.0 
Mole fraction Xn H.0 Mole fraction X77, co, 
LU) LU, 
(a) (b) 
Fig. 216. (a) Isobaric temperature ~ Xco; diagram, at a fluid pressure of 4 kbar, for the reaction 
(F,OH)-tremo lite + dolomite = (F F,OH)-clinohumite + + forsterite + calcite (after Becker and Hoschek, 
1973). {(b) Isobaric temperature - composition diagram at a fluid pressure of 2 kbar for the reaction 
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clinohumite is involved in parageneses typical of contact and regionally metamor- 
phosed impure dolomitic limestones. 

The equilibrium constant for the reaction: 4 forsterite + magnesite + H2O 
clinohumite + CO, has been used to determine the stability of clinohumite 


calcite in cilicrenucs dolamites for a number of values of ¥ in clingohumite at 
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total fluid pressure of 2 kbar. The isobarically divariant phase regions 
caicite-dolomite-forsterite-clinohumite for 0°2 to 0°7 values of xX, in 
clinohumite are illustrated in Fig. 217, which also shows the very low fugacity of 
HF in equilibrium with the assemblage in the temperature range 400 to 700°C. 


The calcnim analoone of chondrodite 9Ca.SiO, CafOH),. has heen cvntheciz- 
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ed hydrothermally from tricalcium silicate and water autoclaved in sealed bombs 
and Taylor, 1958). Solid solutions, forming a complete series from 
Mg.2SiO,4. MgF2- Ca2SiO..MgF2 have been synthesized by sintering mixtures of 


CaCO, Ma and SiO, correcnondings with 10 ner cent incrementc hetween 
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Mg,SiO, and Ca,SiO, at 1300°C, followed by the addition of MgF2 to give 
norbergite proportions and then heated at 1000°C (Christie, 1965). The forma- 
tion of a zinc norbergite at 1000°C by solid state reaction between willemite, 
Zn2SiO, (trigonal) and MgF; is also reported by Christie. 


The ctahility field and meltina relatinnchine af calcinchandradite i 
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J 
CaO-SiO,-CO,-H,0O at 1 kbar and at pressure between 4 and 40 kbar have 
been determined by Wyilie and Hass (1965) and Boettcher and Wyilie (1969), and 
by Wyllie and Boettcher (1969) respectively, and in the system CaO-MgO- 
3i0O.-H.O by Franz and Wyllie (1966). 
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Fig. 217. Temperature-fluid composition diagram showing the divariant equilibrium 

calcite - dolomite - forsterite - clinchumite. Heavy lines correspond with the equilibrium 4 forsterite + 

magnesite + H,O = clinohumite + CO, with X; in clinohumite at 0-2 to 0-7. Lighter lines are contours 
oite af 
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Alteration 


The humite group minerals alter readily to serpentine, chlorite and calcite. An ex- 
ampie of the progressive alteration of clinohumite has been described by Struwe 
(1958). The relic cores of clinohumite, partially altered to a yellowish brown 
fibrous product, are bordered by a narrow zone of optically negative penninite 


which merges through a thin isotropic zone to optically positive penninite which 


is surrounded by a margin of clinochlore. The chloritic lamellae are speckled with 
minute grains of iron ore arranged more or less perpendicularly to the zone 
boundaries. The completely altered clinohumite consists entirely of clinochlore 
which is probably the ultimate product of the progressive alteration, the optically 


positive and negative penninite representing intermediate steps in the alteration 


Optical and Physical Properties 


The correlation of the optical properties and chemical composition of the humite 
group minerals has been investigated by a number of workers. Some of the earlier 
unsuccessful attempts (Larsen, 1928a) were considered to be due, at least in part, 
to the difficulty of accurately determining the fluorine content of the minerals, 
and to the omission of estimating TiO, in many analyses. The mean refractive in- 
dex of a t particular member of the humite group increases with increasing tenor of 
iron. The refractive indices are, however, also affected b Dy the replacement of 
fluorine by hydroxyl ions; these two common replacements Mg = Fe?* and F = 
OH, both of which may occur in each member of the group, are not interrelated, 

and it is not possible to estimate precisely their magnitude from the refractive in- 
dices. The data of Sahama (1953) on the refractive indices of the humite series, 

together with those of the synthetic fluor-humites (Van Valkenburg, 1955) and of 
OH-chondrodite and OH-clinohumite, plotted (Ribbe, 1979) against 
(F,OH)/[(F,OH) + O], show that the variation is linear for both the fluor and 
hydroxyl norbergite- clinohumite series (Fig. 218). 


The colour i in thin section and | pleochroism of the members of the group show a 
general increase in intensity, from pale yellows to reddish yellow, between 
norbergite and clinohumite but colourless and non-pleochroic varieties of chon- 
drodite are not uncommon and have been described by Groves and Solomon 


(1964) and Moore and Kerrick (1976). Chondrodite showing irregular and patchy 


depth of colour, increasing close to cracks and marginal alteration, has been 
reported by Bradshaw and Leake (1964). The optic axial angle is not diagnostic 
except for norbergite the 2V of which is lower than those of the other members of 
the group. The difficulty of correlating optical properties and chemical composi- 
tion is further increased by the high content of titanium in some chondrodites, 
humites and clinohumites. Although a titanochondrodite containing 9-3 wt. per 
cent TiO, (Table 38, anal. 5) has been reported, titanoclinohumite occurs more 
frequently and the optical properties of the latter are @ 1°655-1:702, B 
1°673-1°709, y 1°685- 1-728, 2V, 52°-80°, a: z 10°-11°; a = reddish, brown, 


orange; B = pale yellow red, light ‘yellow, pale orange; y = pale yellow, almost col. 
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ourless: colour, honey- brown, red- reddish brown. The highest refractive indices 


lA Te 


are shown by a variety containing 2°45 TiO2, 1:20 Fe.O;, 11:25 FeO, 1:02 F and 
1:05 per cent H,O (Huang, 1957). The properties of a manganhumite are given in 
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Fig. 218. Caicuiated mean refraciive indices of the F- and Ofi-series of the synihetic compounds, 
sellaite - norbergite— chondrodite- humite- clinohumite- forsterite. Open symbols, refractive indices 
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from Sahama (PION); crosses, observed Values for F-humites (Van Vaikenpurg, LYS) and for OH- 
chondrodite and OH-clinohumites (Yamamoto and Akimoto, 1977). Figu re also shows the densities 
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calculated a om * WEY CHUCIBCIUTE COMpPOsitions a and unit-cell Vouumes (ar fter Ribbe, 13 79). 


Table 39 (anal. 5); the colour varies from pale to deep brownish yellow, but in 
thin section the mineral is very pale in colour and has no noticeable pleochroism. 
The optical and physical properties of alleghanyite and sonolite, the manganese 


+ Aol h, ita t 1 dAatailaA : Tahla A? 
analogues of chondrodite and clinohumite respectively are detailed in Table 43, 


and the 2V and extinction angles of chondrodite, clinohumite, alleghanyite and 
sonolite illustrated in Fig. 219. The dispersion for each member of the humite 
group is r> v and is strong for both monoclinic members of the group. A titanian 
clinohumite described by Bhattacharyya (1974) is reported to have very strong 


1 : mal intarf, } Th Ff ti nai qa 
dispersion and to show abnormal interference colours. The refractive indices and 


optic axial angle of some synthetic members of this group are given in Table 44. 
Simple and multiple twinning on {100} is common in the humite group 
minerals, and twinning on {501} and {503} in chondrodite, and on {103} in 
clinohumite have been reported (KOppen, 1950; Tilley, 1951; Sadashivaiah and 
Ghosh, 1953). The latter twin planes are with reference to the Pmcn and P2,/c 
orientations adopted in Table 35. Parallel growths of chondrodite, humite, 
clinohumite, forsterite and monticellite (Fig. 220) have been described by Tilley 
(1951) and regular surface growths of chondrodite and clinohumite on synthetic 
fluor- phlogopite, in which the (010) plane of the humite minerals | is parallel with 
tan hy Kannen (1989) UWamaavial interoraw 


the (001) plane of the mica, oy Koppen (1950). Homoaxial intergrowths with 
forsterite, and the progressive replacement of forsterite by clinohumite, have 
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Table 43. Optical and physica! properties of alleghanyite and sonolite 






























































Sonolite 


Alleghanyite 

a 1:756-1°762 1°763-1°765" 
B 1-780 - 1-782 1°778-1°779 
Y 1:792- 1:793 1:787- 1:793 
é 0-031 - 0-036 0:022 -0°030 
2V, 72°-90° 70°-82° 
az 22°-35° 8°-15° 
Dispersion: r> v weak r>v weak 
D 3:93-4:02 3°82- 4:00 
H 5§-5°5 5°5 
Twinning {001} simple, {001} simple, 

lamellar lamellar 
Colour Pale pink, greyish red, clove- Dull reddish orange, pale reddish 


brown; colourless 
in thin section. 


brown; brownish to colourless 
in thin section. 


* Zincian sonolite @ 1°695, B 1°716, y 1°725; D 3-77 (Cook, 1969). 
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Fig. 219. Extinction angie, (001) : a versus optic axiai angie for sonoiite, alleghanyite, clinohumite 


and chondrodite (after Yoshinaga, 1963). 


Table 44. Optical properties of synthetic humite group minerals 








a p y av, Reference 
Fluor-norbergite 1-548 1-552 1°570 33° Van Valkenburg (1955). 
Fluor-norbergite — ~ — 45° 15’ Hinz and Kunth (1960). 
Fluor-chondrodite 1°582 1°594 1612 50° Van Valkenburg (1955). 

1-630 1°642 1°658 — Yamamoto and Akimoto (1977). 
Fluor-humite 1-598 1-606 1-630 59° Van Valkenburg (1955). 
Fluor-clinohumite 1°608 1618 1-636 76° Van Valkenburg (1955). 
Fluor-clinohumite 1-638 1°641 1-669 — Yamamoto and Akimoto (1977). 


been reported by Struwe (1958) and Muthuswami (1958). The former has describ- 
ed clinohumite crystals with variations in colour intensity, some crystals with 
mantled by a darker periphery with slightly 


higher refractive indices, and others with a distinct zonal pattern of alternating 
paler and darker yeliow. 


. 
more weakly coloured cores being 
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Fig. 220. Parallel growths of humite minerals, monticellite and forsterite (after Tilley, 1951). 


The optical absorption spectrum 0 of leucophoenicite from Franklin has been 


determined by Keester and White (1968). 


Distinguishing Features 


The humite group minerals when colourless may be difficult to distinguish from 
olivine but have a lower refringence and smaller optic axial angle, especially com- 
pared with the magnesium-rich olivines with which they often are associated. 
Staurolite has pleochroism similar to that of the coloured varieties of the humite 
group, but the absorption formula of the former is y > @ and for the humite 
minerals y < a. The lower refringence and different paragenesis of the humite 
group minerals also serve to distinguish them from staurolite. 


With eycrentian arhkhercite the id fF ; 
With the exception of norbergite the identification of the individual minerals 


of the group is difficult. Norbergite is characterized by relatively low refringence 
and small optic axial angle, either property being sufficient to distinguish 
norbergite from humite, the other orthorhombic member of the group. The 
refractive indices of chondrodite, humite and clinohumite overlap and except 
when the {001} cleavage is present and accurate extinction angles a : z can be 
measured, the distinction between humite, untwinned chondrodite and 
clinohumite, from optical properties, may not be possible. The identification of 
the individual members of the humite group by X-ray powder techniques is the 
most reliable method, and if two members of the group occur together it is possi- 
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mine +ha 
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Paragenesis 


wv 


The minerals of the humite group occur most commonly in metamorphosed and 
metasomatized impure carbonate sediments adjacent to acid and, less frequently, 
alkaline plutonic rocks. Their development is particularly related to 


metasomatism in which iron, fluorine and boron have been involved as in the 
Norberg area, Sweden (Geijer, 1939), the Suian district (Watanabe, 1943), the 
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Broadford area, Skye (Tilley, 1951), the southern Urals (Borneman-Starynkevich 
and Myasnikov, 1950), and the Bhandara District, India (Muthuswami, 1958). In 
this paragenesis the humite minerals are commonly associated with forsterite, 
monticellite, wollastonite, grossular, cuspidine, fluoborite, ludwigite and other 


tunical ckarn minerale 
ly pivar DRRCEL AL LELABAWE CHAD. 


In the aureole of the Alta granodiorite intrusion, Utah (Moore and Kerrick, 
1976) the progressive metamorphism of massive and nodular doiomites has given 
rise to an isograd sequence, talc, tremolite, forsterite, clinohumite, periclase. The 
clinohumite + forsterite + calcite + + dolomite, and clinohumite + tremolite + 


calcite + dolomite assemblages are probably the result of the reactions: 
4Mg2,Si0, + CaMg(CO;), + HO = 4Mg-SiO,.Mg(OH), + CaCO; + CO; 
Meg2510, + CaMg(CQO;)2 + H20 = 4Mg2810,4.Mg(OH)2 + CaCO; + CO, 
forsterite dolomite clinohumite 
Ca,Mg;sSig022(OH),2 + 13CaMg(CO;)> +H,0O 
tremolite doiomite 
= 2(4Mg Si04.Mg(O!} 1)2) + 15CaCO; + 11CO, 


2 
clinohumit 


oe 


and can be related to the experimentally determined equilibria in the system 
CaN ~ Ma SiO, H,A_CO, (Trammedorff 1079: Skinnen 1071 1074: see 
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also olivine section, p. 105). In the nodular dolomites, clinohumite associated 
with calcite occurs as a narrow zone in the central parts of the nodules due to the 
reaction: 


2CaMgSi.0. + 7CaMg(CO;)2 + H2O=Mg(OH)2.4Mg2SiO, + 9CaCO; + 5CO, 


Clinohumite, in various assemblages with forsterite, spinel, chlorite, 
phlogopite, calcite and dolomite, is present in the thermally metamorphosed 
magnesian carbonates of the Twin Lakes pendant within the granitic complex, 
Sierra Nevada, California (Kerrick et al., 1973). Compositions of the coexisting 
clinohumites (2°15-3°50 TiO.; 53-58- 56: 59 MgO and 1°8-2:l wt % F) and 
olivines, Fo97, display little variation, and the contrasting assemblages are con- 
sidered to be related primarily to local differences in T-~ X.,, during the process 
of metamorphism. 

Clinohumite - grossular - diopside - ‘calcite - dolomite assemblages in the mar- 


aeemrisa eA wcctth At Rem cidnitac an mtn arallactennitea_Ainme: memes 


bies associated With ULOPSIULLDS and Qual LZ —- WOuaStTONItEe — diopside Bl anulites 
have been described from Vemali, Andhra Pradesh, India (Bhattacharyya, 1974), 
and chondrodite- humite - spinel - brucite- calcite- pyrrhotite assemblages in the 
marbles of the Eocambrian and Lower Palaeozoic rocks of the Glomfjord area, 


northern Norway (Bradshaw and Leake, °» 1964). The chondrodite and humite are 
commonly interleaved with a common (001) plane and both minerals are partially 
replaced by brucite. In the forsterite and diopside marble xenoliths within the 
metamorphosed tonalitic rocks of the South Harris igneous complex, Outer 
Hebrides, chondrodite and humite both occur typically as small rounded grains 


along the margins of partly serpentinized crystals of forsterite (Dearnley, 1961). 
Chondrodite, associated with diopside, tremolite, talc, prehnite and phlogopite, 
has been described in rims around lenses of dolomite marble in crystalline schists 
at Zloty Stok, Poland (Kowalski, 1966). The occurrence of clinohumite, with 


monticellite, phlogopite, serpentine and amesite as a secondary product of an in- 


itial assemblage consisting of fassaite, forsterite, spinel ¢ and periclase i in the skarns 


of southeast Buigaria has been described by Ivanova-Panayotova (1972). Chon- 
drodite and clinohumite have been reported from marbles of the Ticino region, 
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Switzerland, and Disgrazia massif, Sondrio, Italy (Wenk, 1963), and clinohumite 
from Wildbachtal, Weststeiermark, Austria (Heritsch, 1964). 

The occurrence of humite group minerals in, or associated with ultramafic 
rocks has been described from a number of localities. Chondrodite, with vesu- 


vianite. clinochlore and antigorite, has been renorted in veins at the contact of 
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stoped limestone blocks in serpentinite from the Zhob valley, Pakistan (Bilgrami, 
1960), and Heinrich (1963) has described clinohumite, associated with spinel and 
anthophyllite in altered peridotite of the Wolf Creek ultramafic pluton, Mon- 
tana. Other occurrences include clinohumite in the metamorphosed ultrabasic 
rocks of the western Azor region, USSR (Bayrakov, 1967), and the Hohen 
Tauern, eastern Tirol (Meixner, 1960). Chondrodite is reported from the 
Looiekop carbonatite by Russeii et a/. (1955) where it is associated with olivine, 
biotite, phlogopite, spinel, iron oxides, apatite, carbonates, uranoan thorianite 


and a number of sulphides. 


Titaniferous clinohumite in quartz-feldspathi 
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c aa 
contact zones of hybrid rocks between gabbro and granophyre, Iron Mountain, 
Wichita, Okiahoma, has been described by Huang (1957). 
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Titanoclinohumite, originally described as titanolivine (Voskresenskaya et al., 


1965), occurs in the Ruslovaya kimberlite pipe, Kuoika river, Yakutia 
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(Shchelchkova and Brovkin, 1969), and had earlier been reported from the 
kimberlite diatreme, Buell Park, Arizona (Allen and Baik, 1964). It has since 
been reported in other kimberlites and related rocks. Titanoclinohumite (4:7 -5°6 


wt. % TiO2.; Mg/(Mg + Fe) ratios 0°93-0°89) occurs in the kimberlite-bearing 


diatreme of the Mases Rock dvke. San Juan County, Utah (McGetchin et al., 
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1970; McGetchin and Silver, 1970). Here it is associated with olivine, with a com- 
parable range of Me/(MetFe) ratios, and is also present as inclusions in a 
chrome-pyrope garnet. The major part of the rock consists of serpentine, talc and 
chlorite, and both the titanoclinohumite and olivine are partially serpentinized. 
The textural relationships are believed to indicate that the clinohumite and olivine 
coexisted with the garnet before serpentinization occurred. Basing their conclu- 
sions on the estimated formation pressures and temperatures of the orthopyrox- 
enes, clinopyroxenes, garnet, ilmenite and rutile in the fragments of the spinel 


and garnet lherzolite present in the dike, and with which the clinohumite is closely 


associated, McGetchin ef a/. suggested that the original clinghumite-bearing 


Sweety AVR Nr wwe VE Oevewws CssGe tase EEE WAASENEAUARAELE UW LI 


assemblage was derived directly from the upper mantle prior to its transportation 
to the surface during the emplacement of the kimberilite. 
Both titanochondrodite (Table 38 anal. 5) and titanoclinohumite (Table 40, 


anal. 7) occur as small individual angular grains and as intergrowths, along the 
(O01) nlane of the two nhacec in the kimherlite diatrame Ruell Park Arizana 
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(Aoki ef a/., 1976). Following the experimental data of Yamamoto and Akimoto 
(see. p. 402) on the high pressure stability fields of hydroxyl chondrodite and 
clinohumite in the system MgO - SiO,- H,O and the work of McGetchin ef a/. on 


the Moses Rock dyke, Aoki e¢ a/. have suggested an upper stability for the chon- 
drodite Their ectimate of ahnout 1070°C and AS khar annivalant tn a denth nf 
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150 km (Fig. 221), is based on the P- 7 coordinates at the intersection of the 
‘chondrodite-out’ curve for the system MgO-SiO,-H.,O with the continental 
geotherm. This estimate was modified on consideration of the experimental 
data relating to amphibole compositions close to that of the 50: 50 


ahl(l 
tremolite- richterite solid solution (Hariya and Terada, 1973), and to the Ca/(Ca 


+ Mg) ratio of the diopside (Boyd, 1973) present in the kimberlite, to 
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Fig. 221. Stability field of chondrodite and clinohumite in the system MgO- SiO, - H,0 for com- 


au DS we ry Ba nn en 6 A rnhande 
position 5Mg(OH),.SiIO2. Ch, clinohumite; VU, chondrodite; Fo, forsterite; Br, bri ucite; Tiso- Risa 


stability field of tremolite,,~richterites, solid solution; W, water; L, liquid. Dashed curves 1 and 2, 


on a re en HR te on em hoe ce mene ce ee oe bine ede. f 24ee A nd? 4 3 1074\ 
oceanic and Continental geotherims respectively (after AOKI ef al., 1976). 


temperatures and pressures between 970 and 1020°C and 23 to 30 kbar 
(equivalent to a depth of between 75 and 100 km) respectively. This interpretation 
has been questioned by Smith (1977) who suggests that the titanoclinohumite and 


thea endn hao ahite hath fra eda aA 
the sodium-bearing tremolite both formed during the hydration of the ultrabasic 


inclusions in the kimberlite at substantially lower pressures and temperatures. 
The argument is based on the presence of the tremolite + chlorite + antigorite + 
titanoclinohumite + olivine + orthopyroxene + clinopyroxene, and antigorite + 
titanoclinohumite + olivine + clinopyroxene assemblages of the peridotite inclu- 
sions in the diatreme consisting of kimberlite tuff, Green Knobs, Colorado 
plateau (see reply by Aoki, 1977). 

A similar occurrence of titanian clinohumite (TiO2 3:10 wt. %) to that describ- 
ed by Smith (1977) has been reported from the Jacupiranga carbonatite, Sao 
Paulo, Brazil (Mitchell, 1978). Here the clinohumite occurs as irregular, discon- 


+ Anal in BP that tavt 
tinuous rims around olivine (@ Fo93.3) that, on textural evidence, are considered 


to have formed by metasomatic reaction of the olivine with a CO.-, H,0- CaO- 
and MgO-rich fluid from which phlogopite, apatite and carbonate crystallized. 
This interpretation, as that of Smith for the Green Knobs occurrence, casts doubt 
on the possibility that titanoclinohumite forms as a liquidus phase in kimberlite, 
and adds to the uncertainty as to its status in such rocks. Titanoclinohumite has 
also been described from a Siberian kimberlite (Voskresenskaya et al., 1965), and 
from the Cargill Lake carbonatite, Ontario (Gasparrini et a/., 1971). 
Titanoclinohumite has been reported from the garnet peridotite, Alpe Arami, 
Ticino (Mockel, 1969) and from garnet lherzolite, Cima di Gagnone, Central Alps 
dAarff 1978b) In 
Vv). 


nd Te . 
(Evans ana Trommsdor ff, 1978a; see also Evans and Trommsdor iy Li 


both rocks the mineral is rarely unaltered, and is commonly pseudomorphously, 
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replaced either partially or completely, by its breakdown products, olivine and il- 
menite. Titanoclinohumite also occurs in cracks and voids between crystals and 
grains of magnetite in the drusy-like skarn, consisting mainly of magnetite with 
some forsterite and calcite in the Iona magnetite deposit, Iona- Kovdorozero, 


Vala neanincula (Rarcanny 1QAT\ 
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An unusual occurrence of titaniferous clinohumite has been described by 
Nieisen and Johnsen (1978). The mineral is present in veins cutting dunite of the 
strongly alkaline ultramafic complex, Gardiner Plateau, east Greenland. 
Associated with magnetite, phlogopite, apatite, antigorite, forsterite, alkali am- 
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and crystallized at a late magmatic stage, and is the first occurrence of 
titaniferous clinohumite as a primary magmatic phase. 

The manganhumite (Table 39, anal. 5) described by Moore (1978) from the 
magnetite- manganosite ore of the Blattfors mine, Nordmark, Odalfalt, Sweden, 


acenriatend with Latantrite RA e\ (Al Ta 3+) Qs mancannctihit 
is QSSVElaAteu WILL AQLUPLLILe (Mn, Mg)i3Sb2(Al, ae }45i20 28, manganostibite, 


(Mn,Mg)7SbAsO)., and galaxite, MnAl,Og, in a fine-grained skarn assemblage. 


Sonolite (Table 41, anals. 3,4) was first described by Yoshinaga (1963) as a con- 
stituent of the cherty horizons in a number of manganese mines in Japan. The 
mi inaral ac elncaly acennriatad with rhnrAnrhencitasr anthaer nhacac nf tha nRaranganacia 
AALIMICI AL ldo VIVOULY AsoVLEIaleUu WIL Pnoao¢cnrogsit€; ULC pnases or tne PALABSIILOLD 
include tephroite, bementite, spessartine, rhodonite, alleghanyite and galaxite 
and are the products of thermal metamorphism and fluorine metasomatism 
related to adjacent acid plutonic intrusives. At Franklin and Sterling Hill, New 
Jersey, sonolite occurs in franklinite- willemite-zincite orebodies. The mineral is 
aA winerian variatu anA Cannl (1Q4Q0\ hac rannrtad ite Annuerranna ac raartinn rimoa 
a Giliviali VAQLINGY aiu VWVVA \isu7)s aias Ivpvl WU ILS VRLULTIULIVE @od IUAQLLUUIL LIM 
around tephroite in which paragenesis the content of zinc may be as high as 
17-6 wt. per cent ZnO. Sonolite and alleghanyite have been reported occurring in 
two assemblages, rhodochrosite- pyroxmangite-rhodonite-tirodite-spessar- 


tine-tephroite - - friedelite, and kutnahorite- galaxite- jacobsite - Mn- thuringite 


Leannh A lac 
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Alleghanyite occurs as a hypogene mineral in a manganese-bearing vein, 
Alleghany County, North Carolina. Originally considered to be an anhydrous 
mineral (Ross and Kerr, 1932) it was later shown by Rogers (1935) to be the 
manganese analogue of chondrodite. Here its common associates include spessar- 
tite, galaxite, tephroite, rhodonite and manganiferous calcite. At Franklin and 
Sterling Hill, New Jersey, alleghanyite, first described as leucophoenicite 
(Palache, 1935) occurs primarily as a constituent of hydrothermal veins in the ore 
body, less commonly in the willemite-franklinite ore, and as reaction rims 
around tephroite (Cook, 1969). A zincian variety, with up to 11 wt. per cent ZnO, 
has been reported by Cook. At the Benallt manganese mine, Lleyn Peninsula, 
North Wales, alleghanyite is associated with tephroite, often in parallel in- 
tergrowths of the two phases, and with the barium feldspar banalsite, 
BaNa2Al4Si,O 16 (Smith et al., 1944). Alleghanyite although much less common 
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in Japan (Yoshinaga, 1963). 
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| Zircon Zr[SiO,] | 


Ww 1:923* - 1:960 

E 1°961*-2°015 

) 0:042* - 0°065 

Dispersion: — Very strong. 

D 4°6*-4:7 

H TM” 

Cleavage: {110} imperfect, {111} poor. 

Twinning: Rare, on {111}. Some zoning may occur 

Colour: Reddish brown, yellow, grey, green or colourless; in thin sec- 
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tion colour SS tO pale brown. 
Pleochroism: Very weak. In thick sections may show absorption w < e. 
Unit cell: a 6°61, c 5°99A. 

Z = 4. Space group /4,/amd 


Slowly attacked by hot concentrated H2SQO,4. 





Zircon is a widely distributed accessory mineral in granitic and syenitic igneous 
rocks; it is a fairly common detrital mineral in some sediments and is also found 
in metamorphic rocks. Well-crystallized varieties, both clear and coloured, have 
long been used as gem stones: the name zircon is very old and is believed to be 
derived from the Arabic zarqun, in turn derived from Persian zar, gold, and gun, 
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colour. 


Structure 


The X-ray investigation of the structure of zircon was carried out by Vegard 
(1926) and Binks (1926) with further observations by Hassel (1926), and Wyckoff 
and Hendricks (1927). The structure was refined by Krstanovi¢ (1958), who ob- 
tained for normal zircon with a specific gravity of 4°67, the cell dimensions a 


£L1L4 rEDNIENANONNS ve th D di 
6°6164, c 6°0150+0:0005 A, and gave the O-O distances in the SiO, tetrahedra 


as 2°42A (two) and 2°73 A (four) and the Si-O distance as 1°612 A. From a study 
of the wavelength of SiXf X-rays for various types of silicates, White and Gibbs 
(1967) found that there is a high degree of correlation between this wavelength 
and the average Si-O distance for many different structures; zircon, however, 

does not conform to this trend, which would predict an Si-O bond distance of 
1:629 A. A structural refinement of a zircon from a syenite from Kragero, Nor- 


way (a 6°607, c 5:982 A; D 4-714 g/cm?) was reported by Robinson ef al. (1971) 


* These values are for relatively fresh material; metamict varieties may have properties outside this 
range. 
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who obtained an Si-O value of 1622 A, but more recently least-squares refine- 
ment of the structure of a zircon from a quartz monzonite, near North Bay, On- 
tario (a 6°612, c 5-994 A; D 4-64 g/cm?) by Finger (1974) yielded a value of 1°630 
A, in good agreement with the general trend. The cell parameters of zircon up to 
33 kbar were measured by Carlile and Salter (1978) and the unit-cell and crystal- 
structure parameters of zircon determined at eight pressures from | bar to 48.1 
kbar by Hazen and Finger (1979); the Si-O distance shrinks over this range from 
1-623 to 1-611 A. 

The principal structure unit is a chain of alternating edge-sharing SiO, 
tetrahedra and ZrOg triangular dodecahedra extending parallel to the z axis. The 
chains are joined laterally by edge-sharing dodecahedra (Fig. 222). These chains 
are responsible for the prismatic habit and {110} cleavage of zircon and for its ex- 
treme birefringence and optically positive character (Robinson et al., 1971). 
Although similar chains occur in garnet, extending in three mutually perpen- 
dicular directions, they are cross-linked by YOx octahedra as well as by XOg 
dodecahedra. In zircon there are two non-equivalent Zr-O distances, each zir- 
conium atom lying between four oxygens atoms at 2°13 A and a further four at 
2:27 A . These Zr-O distances lie between the limits of eight and sixfold coor- 
dination: Machatschki (1941) considered that the instability of zircon is due to 
this feature since Zr** is usually in sixfold coordination. Other workers have 
related the breakdown of zircon to the presence of uranium or thorium ions in the 
mineral. 

The unit-cell parameters in the zircon-hafnon series appear to decrease linear- 
ly with the increasing Hf/Zr ratio (to near a 6°57, c 5:95 A for hafnon), but Cor- 
reia Neves ef a/. (1974) considered that a reliable distinction between low- and 
high-hafnium members of the series cannot be based on an X-ray powder pattern. 
This was also the conclusion of von Knorring and Hornung (1961) though 





Fig. 222. (a) The structure of zircon viewed along x, showing chains of alternating edge-sharing SiO, 
tetrahedra and ZrO, triangular dodecahedra extending parallel to z and joined laterally by edge- 
sharing dodecahedra. (b) The structure of zircon, showing chains of alternating edge-sharing SiO, 
tetrahedra and ZrO, dodecahedra projected on (001) and showing the edge-sharing between 
dodecahedra (after Robinson et al., 1971). 
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Khalezova and Chernitsova (1969) reported that for 12 samples they found the 
size of the integrated J3o,//;093 intensity ratio varied regularly with the Hf content 
(up to 10% Hf), and that measurement of this ratio enabled the degree of isomor- 
phous substitution of Hf for Zr to be determined. The substitution of small 
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has been studied by Gorz and White (1970) and Vinokurov et a/. (1971); the latter 
authors considered that the charge imbalance between Zr** and Y>* is compen- 
sated by replacement of O?" by OH. 

Although in its occurrence as an accessory mineral zircon tends to form fairly 
small grains, because of its often well developed and fairly simple habit, 
dominated by the {100} and {110} prisms and {101} and {211} bipyramids, and its 
resistance to weathering, many detailed studies have been made of its mor- 
phology. In particular, statistical studies have been made of its elongation or of 
its rounding, and more recently Pupin and Turco (1972) have proposed a 
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pyramidal faces. They have suggested that the factors influencing zircon typology 
are mainly temperature and agpaicity index of the medium from which the 
mineral crystallized; the {100} prism development increases and that of {110} 
decreases with increasing temperature, and the {101} bipyramidal development i in- 
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(Pupin and Turco, 1975). 


The Metamict State 
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Althou ugh zircon is fairly resistant to normal chemical attack, altered varieties are 
not uncommon, the mineral eventually becoming converted to an isotropic form 
with a lower density. The term metamict was introduced by W. C. Brogger in 
1893 to denote this phenomenon and the glassy-amorphous condition sometimes 
found both in zircon and in several other normally anisotropic minerals: the 
nature and cause of the metamict state has been reviewed by Hutton (1950); see 
also Pabst (1952) and Mitchell (1973a,b). In the case of zircon it seems probable 
that in addition to some degree of structural instability the presence of radioac- 
tive atoms involving autoxidation (Ellsworth, 1932) plays a considerable part. 


Stackelberg and Rottenbach (1940) were able to demonstrate that a thin plate of 
zircon subjected to radioactivity for four months broke down as a result of the 
decrease in density of the side exposed to the radiation. One way in which the 
nuclei of U, Th and other radioactive isotopes decay is by emitting alpha par- 


ticles; with each alpha emission the emitting nucleus recoils displacing lattice 
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atoms (Fig. 223). As the emitted a particle moves through the crystal structure it 
is slowed down and its energy is transformed in various ways involving the forma- 
tion of colour centres, displacement of atoms, or merely vibration of atoms with 
the local transfer of energy. The nature of the damage from the passage of fast, 


heavy, charged fission fragments passing through a crystal is similar. The 


minimum intensity of radioactivity necessary to modify crystalline um into an 
optically amorphous or metamict structure has been given as 8:3 x 'T a/om? + 
20 per cent; Pellas (1954) calculated that zircon would become X- stay amorphous 
when 20 per cent of the atoms have been displaced. Holland and Gottfried (1955) 


suggested that the observed effects are caused mainly by the displacement of 


atoms by recoil nuclei, and by the high temperatures produced i in the path of the 


nuclear particles. AS the irradiation proceeds, the X- ray powder patterns show 
movement of the peak positions and then distortion of the peak shapes followed 
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Fig. 223. (a) An alpha particle formed from the spontaneous decay of U or Th approaches a stable 


portion of a mineral where atoms are bonded together. (b) The energetic aipha particie collides with 
atoms of the structure causing displacements and structural damage (after Mitchell, 1973, drawn by 
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Conservation and Survey Division of the University of Nebraska). 
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by the development of a new set of peaks. Finally the second peaks completely 
disappear with the production of an isotropic glass: the density falls by 16 per 


cent. The breakdown of the structure is envisaged as a four-stage process in which 
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the structure is first saturated with displacements; the saturated structure then 
breaks down into crystallites of ordered zircon which ultimately break down to a 
glass. For zircon completely undamaged by a-radiation the X-ray diffraction 20 


angle (CuK,) for 112 is 35-635 °, while in metamict zircon it approximates to 
35°-1°: Hurley and Fairbairn (1953) suggested that decreasing 28 as a measure of 
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increasing radioactive decay could ‘be used as a possible age method; estimations 
of age using this technique, however, did not give consistent resuits. 
There is thus a considerable range of properties observable in zircon, ranging 


from the fresh or normal zircon to the fully metamict type, and giving rise to 
varietal names such as malacon cyrtolite orvillite, etc. Stevanovié (1903) sub- 
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divided the zircons into three types on the basis of density, optics and response to 
heat treatment, and Anderson (1941) classified them into normal zircon with high 
specific gravity, birefringence, and refractive indices, and low or metamict zircon 
(malacon) with a low specific gravity of about 4, while those with intermediate 


properties are called intermediate zircon. Low and intermediate zircon may be 
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changed into normal zircon by heating to 1450°C for 6 hours (Chudoba and 
Stackelberg, 1936). Variations in the ceili dimensions of zircon due to metamic- 
tization have been reported by Holland and Gottfried (1955); Ueda (1956) obtain- 
ed results indicating that the lattice expansion in metamict zircon is anisotropic 
with the ratio between the two a dimensions. a,:a>, being 1:00! to 0:9723 5, while 


VU ALAR CHEWY ROUEN UCU VV UNE LAE UNV U6 MAREE ELOEUEN WE] 2 ZG Veiga A vv YY : VV ARE 


the c dimension also expands from 5:974A for fresh material (D 4°66) to 6: 080 A 
for metamict material (D 4°18). 

Analyses of metamict varieties of zircon frequently show an appreciable water 
content and there has been speculation as to its structural location. From ex- 
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(OH). substitution; although other experimental work was s unable to support 


422 Orthosilicates 


this, Krstanovic (1964) interpreted the infrared spectra of natural slightly 
metamict zircon containing ‘a certain amount of water’ as confirming the sugges- 
tion of Frondel and Collette; he also found that the single-crystal X-ray pattern 
of this sample indicated the possible rupturing of a Zr-O bond during metamic- 


tization and a change in the orientation of the SiO, tetrahedra and hence a change 


in the overall symmetry of the crystal (as indicated by a 2V of 4°). Recently fur- 
ther support for the concept of a hydroxylated zircon with a general formula 
Zr(SiO4), (OH),, has been revived by Caruba et al. (1975a) who envisage also the 
omission of some (OH) ions compensated by trivalent rare earths; they would 


thus define a metamic 
us define a metamict zircon as a hydroxylated substituted zircon with some va- 


cant (OH) sites. According to Sommerauer (1977), zircons are usually composed 
of two phases Zx and Z,,: Zx is pure and structurally ordered whereas Z,, contains 
up to 15 per cent admixed elements, 10 per cent H,O, and is structurally 
disordered and much less stable. A yellowish white friable clay-like material, 


gelzircon found in alkaline pegmatites of the Tatar nepheline-syenite massif of 


the Enisei Range (Semenov, 1960) has H,0* 9°67, H,O° 9°60, ZrO, 46°30, SiO, 
23°96; n 1655, D 2°8 - 2:9. In the metamict samples of Table 45, however (anais. 
8-12), although the amount of H2O varies from 0°67 to 4:90 per cent, when the 
analyses are recalculated on an H,O-free basis the Zr/Si ratio does not vary suffi- 


. . . . 4- 4- 
ciently from unity to support the hypothesis that SiO” are replaced by (OH); . It 


does seem possible, however, that phosphorus may be present in the structure of 
some varieties, probably replacing Si, the structure maintaining electrostatic 
balance by the entry of rare earths. 


Chemistry 
Zircon always contains a certain amount of hafnium; the hafnium content is nor- 
mally about 1 per cent and the Hf/Zr ratio is around 0-02 - 0°04. This ratio tends 


to increase from around 0:015 for zircons in nepheline-syenites to 0°04 for those 
of granites. In a study of 40 zircon concentrates from the southern Californian 
batholith, Gottfried and Waring (1964) found that zircon from the gabbro had a 
Hf/Zr ratio of 0:020 and that from the granite ranged 0:027 - 0:040. For a series 
of 21 zircons from South African granites an average ratio of 0°023 3 was obtain- 
ed (Schutte, 1966). Other determinations of the Hf/Zr ratio for zircons from a 
variety of rocks are given in the compilations of Fleischer (1955), Currie (1962), 
Abdel-Gawad (1966), Gulson (1969) and Nekrasova and Rozhdestvenskaya 
(1970) ~ with particular reference to kimberlites - Lipova and Mayeva (1971), 
Carbonnel e¢ al. (1973) for basic igneous rocks, and Apostolov ef al. (1975S) for 
granitic pegmatites. A study by Vorma and Passivirta (1979), based on 331 
microprobe analyses of Hf and Zr on Finnish rapakivi granite zircons, found an 
average of Hf/Zr ratio of 0°023; Hf becomes progressively enriched with increas- 
ing differentiation of the granite. Leonova and Galibin (1963) studied variation in 
the ratio in zircons from pegmatites and from their enclosing gneisses in the 
White Sea region and found that the Hf/Zr value increases regularly from the 
gneiss wall rock (0°019 - 0-031) to the granitic (migmatitic) veins (0°026 - 0-042) 
to the pegmatites (0:028 ~ 0°128). Similarly, Kosterin ef a/. (1963) found that in 
one intrusive phase (but not in another) the Hf/Zr ratio in zircons increased from 
those of the more mafic to those of more felsic rocks. 

Hafnian zircon has been reported from Iveland, Norway (Levinson and 
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Borup, 1960), from Karibib, South West Africa, and Mtoko, Rhodesia (Von 


Knorring and Hornung, 1961), from China (Su and Pan, 1973) and the Tanco 
pegmatite, Bernic Lake, Manitoba (Cerny and Siivola, 1980). The report of 
zircon from Mozambique (Quadrado and Lima de Faria, 1966) with 34 per 


cent HfO, (Hf/Zr 0°71; « - w 0°0615, D 5°45; a 6°61, c 5:93 ‘A) led to the recocni- 
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tion of zoned crystals of members of the zircon- hafnon series in the Ta- bearing 
pegmatites of Mozambique ( (Correia Neves ef a/., 1974), ranging from hafnian zir- 
con to zirconian hafnon and to hafnon itself (HFSiO,); the composition of the 
most Hf-rich portion of a crystal from Muiane mine gave an atomic ratio 100 x 
Hf/(Zr+Hf) = 97:2, 

Analyses of zircons are quoted in Table 45, where they have been recalculated 
on the basis of the unit cell content of 16 oxygens. in some cases the alteration 
and incipient breakdown of the mineral is sufficient to make a structural balance 
impossible, e.g. the analyses reported by Rudenko (1968); in addition the 


metamict varieties often have appreciable H,O* Analyses 8 - 12 have been 
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recalculated leaving out consideration of their H,O* content and it can be seen 
that their Zr/Si ratios are virtually normal; this is in agreement with the evidence 
of Lipova and Rudnitskaya (1974) and does not support the hypothesis that SiO47 
ions are replaced by (OH)4 (Frondel and Collette, 1957; Caruba ef al., 1975b). 


Lipova and Rutnitskaya also presented DTA and infrared curves which they con- 
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sidered to show that the H,0 is merely physically absorbed by metamict zircon 
(see, however, Krstanovic, 1964) and that although H2O may assist the decrease in 
crystallinity by the physical sorption- desorption of water, HO does not initiate 
the process. 


Phosphorus may be present in some varieties, probably replacing Si (anals. 
entr 


EEE GO ro” wees pew Se es 


9, 10, 11), the structure maintaining electrostatic neutrality by the 
earths, e.g. in the variety yamaguchilite (Kimura and Hironaka, 1936: Hata 
1938). In zircon the rare earths are dominantly of the yttrium group; an in- 
vestigation by Dennen and Shields (1956) of 15 zircon specimens showed Y,O; 1°6 
-4°3 per cent lognormally distributed with the mode at about 2°5 per cent Y2O3, 
corresponding with the presence of about 4 per ¢ cent xenotime (YPOs) by weight. 
Xenotime is isostructural with zircon and this amount of solid solution is 
reasonable, but the occurrence of xenotime as discrete inclusions in zircon must 
also be borne in mind; indeed inclusions of xenotime 50 - 60 um across have been 
recorded by Fujiwara ef al. (1965). Rare earths have been studied also by 


Khomyakov and Manukhova (1971) who found the Y group rare earths dominant 
in zircons from nepheline-syenites, and in zircons from kimberlitic rocks by 
Kresten ef al. (1975), who suggested their use as a possible aid in prospecting. 
The zircon/matrix partitioning of the REE in dacites was studied by Nagasawa 


(1970) and REE in granitic zircons have been determined by Exley (1980). The 
distribution of U, Y, P, and Ca in detrital zircons from the Alps is discussed by 


Koppel and Sommerauer (1974). Zoned, brown, birefringent (non-metamict) zir- 
cons from one suite of porphyroids in the Thuringia Forest, Germany, were 
found to be soluble in concentrated HF, though those from a different suite of 


dvkes were not; Gorz and White (1970) found that the HF-soluble zircans can- 
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tained 0°83 - 6° 10 per cent Y,O; and 0° 18 - 0:92 per cent POs, and that although 
Y and P are distributed throughout any one grain, both elements are sometimes 
mutually enriched in growth zones. Since the ionic radius of Y** is larger than 
that of Zr** it was suggested by Gorz and White (1970) that the structure of the 
zircon would be slightly expanded and that the resistance to HF attack would be 
reduced either due to this expansion or because of changes in bond strength (no 
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Table 45. Zircon Analyses 

1 2 3 4 5 6 
SiO, 32°51 32:70 33:34 31:45 32:86 31°52 
ZrO, 1 ] ‘| 64-03 66°72 64-69 
HfO, F 6702-67-42 fF 65-44 1:18 1-15 131 
TiO, — 0-02 tr. 0:04 — 0-27 
ALO; 0:21 — 0-20 1:36 — 0-43 
Fe,0; 0-08 0-20 0°83 0-09 — 0-76 
RE,0, 0:04 — 0-00 1:18 0°20 
MgO 0:01 — 0-12 0:04 — 057 
CaO 0°22 0°13 0:13 0:13 — 0-04 
Tho, — — 0-00 0:01 0-01 0:04 
Nb20; — _ — _ _ _ 
uO, — — — — 0-027° 0-05° 
P20; — — — — 019 
H,0* 0:03 — 0°43 — — 0:03 
HQ" — — 0°25 0:17 — On 
Total 100°12 100:64 100°74 99°81 100-767 100-23 
w 1-950 1:925 ~ 1:922 _ — 
E 2-008 1:984 ~ 1:970 — — 
D 4658 4682 ~ 4-61 465 — 
aA) — — ~ — 6°58 — 
c(A) — — _~ — 5-96 — 

Numbers of ions on the basis of 16 (O) 

Si 4-013 3-954 4-037 3-883] 4, 3°99 3-868]. o6° 
Al — ~ ona 0:0621° 7° 
Al _ 0 20] — | 0-029 | 0-081 | — | — | 
Zr 13. 1 4. 3°855 3-960 3-870 
Hf $39 | r 3 875 B 865 | 0-041 | 0-040 | 0-046 | 
Fe** 0:007 0:018 0:075 0-008 — 0:070 
Mg — | — | 0-022 | 0-007 | — | 0-108 | 
Ti — [4-01 0:002-3:93° — [14-01 0:0044:10° — [4-00 0-025 +4-13* 
Nb -{  -[ =f =f =f ay 
Th — — ~ — — 000i 
RE — — _ | 0:055 — | 0:013 | 
Ca 0:030 | 0-017] 0-017 | 0017 | — | 0-005 | 


1 Dark red-brown zircon, North Burgess, Ontario (Palache and Ellsworth, 1928). Anal. H. V. Elisworth. 

2 Blue zircon, Chantabun, Siam (Eppler, 1927). Anal. W. Geilmann and H. Rose (mean of two analyses; also 
includes CuO 0°15, ZnO 0°02). 

3 Brown to reddish brown hyacinth zircon, river sands (possibly from olivine-analcite basanites), northern 
Taiwan (Tomita and Karakida, 1954). Anal. J. Takubo. 

4 Zircon, China (Su and Pan, 1973). Includes Na,O 0:13. 


5 Dark brown prismatic zircon, apatite vein associaied with ferrosalite p 


egmatite cutting 


gneiss, Sitarampuram, Visakhapatnam district, Andhra Pradesh, India (Rao ef ai., 


6 Zircon, South Africa (Schutte, 1966). Includes MnO 0°02 (RE2O; = 


HS Lod 


UUs 


* Includes Cu 0-016. 
> Includes Na 0:031. 


“U30g. 


é Includes P 0-020. 
* Includes Mn 0-002. 
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7 8 9 10 11 12 
29°20 33°03 32°02 27°13 26°71 30°37 SiO, 
39°20 56°70 59°20 gy-68 Ls1-64. 0k 49-95 ZrO, 
31-00 _ rm ff f f HfO, 
0:0 0:17 0-24 tr. 0:08 — Tio, 
tr 1°33 tr. 0°48 0°58 _— Al,O; 
0-717 §:30 1:22 0°45 2°93 2°00 Fe,0, 
_— 0°76 “85 10°51 7°47 5°84 RE,O,; 
0-0 0°13 —_ tr 0°12 tr. MeO 
0-0 — 0-00 tr 0:59 1:07 CaO 
_— _— 1°85 1:03 1°46 0°23 Tho, 
_— —_— 001 _ 0°12 0°53 Nb.0O; 
— _ — 1-75 1:84/ 4:93 uo, 
_— 1:75 0°30 3°37 2°63 — P,0; 
0:23 0°67 1°62 3°12 3°34 4:90 H,0* 
— — 0°05 0°32 0°34 0°09 H.0° 
99-80 99°84 99-92 99°84 99°87 99°91 Total 
1:92 _— 1:921 _— _ — w 
1:97 _ 1°974 _— — — é 
§°2 —_— 4:70 3°957 4°19 — D 
— — — — — ~— a(A) 
— — — — — — e(A) 
4:079 4-111/ 4:0748 3° 567 |_4. 00* 4-002” 4:050 Si 
_— — _— 0-058 J _ Al 
— | 0-186 | — | 0-016 | 0-095 | — | Al 
2-671 3-295 3°644 ‘Ly. ‘| Zr 
1-237 | ‘* | 0-40 | fs 241 | f 3406 p3 249 | ut 
0-018 | 0-476 | 0-116 [ 0°044 | 0-305 0-201 | Fe** 
— L3-93 9023 | 4.93 anny £399 OL 4A 120°025 | 4.997 — L4-078 Mg 
—_ 0:015 023 — 0:008 — | Ti 
— | _— — _— 0-006 | 0:032 | Nb 
—_ —_ 0°053 0031 0046 0:007 Th 
— 0:034 0-088 0:728 0:055 0°292 RE 
— J — 4 —_— J —- | 0:087 071535 Ca 
7 Reddish brown hafnian zircon, with manganotantalite in lithian pegmatite, Karibib, South West Africa (von 
Knorring and Hornung, 1961). 
8 Zircon, auriferous quartz vein in Palaeozoic slate, Hikari gold mine, Sogawamura, Gifu Prefecture, Japan 


9 


10 


11 


(Kawai, 1960). 

Prismatic zircon, aposyenitic alaskite, Kal’chik River, South Kal’chik pluton, Azov region, Ukraine (Mar- 
chenko et al., 1969). Includes SO; 0°33, Na3O 0°07, K20 0°04. 

Greyish green to greyish brown zircon, with allanite, fergusonite, and thorogummite in pegmatite, 
Hayamadake, Fukushima Prefecture, Japan (Hasegawa, 1957). Anal. S. Hasegawa (RE = Ce,03 0°37, Y;03 


1n-14) 
1U" 14), 


Dark brown zircon, with fergusonite and sphene in granite pegmatite, Oro, Kyoto Prefecture, Japan (Fu- 


jiwara et al., 1965). Includes MnO 0-02. 


12 Colloidal malacon, quartz-sericite rocks in hydrothermal polymetallic deposit, USSR (Turovskii et a/., 1966). 
Rare earth per cent are Ce 3-8, Dy 14:6, Y 45°6. 
F Includes P 0-176. ™ Includes U‘** 0-058 (RE are Y 0:710, Ce 0-018). 
& ;, cludes P 0-032. * Includes P 0-308. 
* Includes Na 0° 017, K 0:006. ? Includes U** 0:056, Mn 0:002., 
JvO, 9 Includes L®* 0:138. 


ko? 


* Includes P 0-375. 
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cell parameters were measured). Iron is often present but various other elements 
sometimes reported in considerabie amounts, such as Sn, Nb, Na, etc., are more 
probably present in inclusions of other minerals; the latter are frequent in zircon 


and the different types may sometimes be useful in heavy mineral assemblages for 


distinguishing zircons from different source. Large zoned zircon crystals have 
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been described which have an outer zone of metamict material (isotropic n 1°82 or 
weekly birefringent w 1°86, « 1°87) containg up to 3°9 per cent rare earths chang- 
ing abruptly to an inner core of fresh zircon (w1‘918, €1°971) with only 0°6 per 
cent earths (Larsen ef al, 1953). Some forms of metamict zircon can be shown to 


consist of mixtures in various proportions of SiOQ>. cubic ZrO>,. and baddeleyite 
ww wa whe aw ZA NY Ly 
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(monoclinic ZrO2). 

The trace element contents of 25 accessory zircons from granodioritic to 
quartz monzonitic rocks of the Mount Wheeler area of Nevada were studied in 
detail by Lee ef al. (1968) who concluded that their range resulted more from 


accimilatinn af cedimantary racke than fram maamatic differentiatinn Zircan 
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trace elements from granitic rocks have also been investigated by Marchenko 
(1966) and by Pigorini and Veniale (1966). Zircons from granitic rocks of the 
Precambrian Korosten pluton in the Ukraine contain 25-180 p.p.m. Nb and 


6-230 p.p.m. Ta, but Marchenko and Sidorenko (1968) claimed that zircons 
from rocks of a first phase of intrusion had a a Nb/Ta ratio > 2°0 and could be 
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used to distinguish them from those of a second phase which had Nb/Ta 1°12. 
Uranium and thorium in granitic rocks are often concentrated in the zircon or 
sphene accessory phases (e.g. Lyons, 1961); the majority of the analyses of Table 
45 record appreciable Th and several (mainly metamict) contain notable 


. . . . ‘ . 
amounts of U. The abundance of U and Th in zircon in granites was investigated 
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by Hurley and Fairbairn (1957), and the Th-U relationships in zircons were 
studied by Ahrens ef a/. (1967) who found that the Th/U ratios were as low in zir- 
con from kimberlites (0:23-0:70) as in granitic zircons (average 0°47). 

A proton microprobe was used by Clark et al. (1979) to determine Pb, Tl, Hf 


na Vr dictrihn fa 71 an cryctale fra akivi aranito fr 
ana aii aistrioutions across rour zircon erystais irom a rapakivi granite irom 


south Greenland, U in the same crystals being determined by the fission track 
technique; zircons with distinct zones and overgrowths show uniform Zr and Hf 
contents across the crystals, whereas the areas relatively rich in U also have high 
Tl and Pb contents. 


Tha radinactivity 
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shown to relate to their decrease ii in 1 colour, specific gravity, and birefringence 
(Subbarao, 1964). Quantitative evidence of the reduction in grain size of zircons 
by 76 per cent on metamictization was given by Hendriks (1964). The weakening 
of the structure on metamictization is also demonstrated by the technique for 


detarmininga the deores anf meoetamirctizatinn af zgirrcanc hy their rate nf dicenlutian 
UCIT tne MEV BIL Ul MINT QUNNLIZGALIVI UI 2NIUdD vy LIINT LALLY UI ULOSOVIULIVI 


in 1:4H.SO,: HF after grinding to 50 um and heating on a sand bath; Polezhaev 
(1974) reported a linear relationship between rate of dissolution and degree of 
metamictization. The influence of the presence of fluorine in the hydrous 
medium from which metamict zircons crystallize has been stressed by Caruba er 
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elements and also the type of SiO{” = (OH), substitution which weakens the 
structure and renders it vulnerable to bombardment by particles given off during 
the decay of radioactive elements. Greenish brown naegite from the Nayegi 


deposit, Japan, has a vitreous: -resinous lustre, but from chemical analyses Lipova 
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Nb, Al, Fe and Ca than normal crystalline zircon and that it should be regarded 
as a distinct X-ray amorphous species. 


Age Determinations 


The Th/U ratio or the ratios of the various lead isotopes to each other or to those 
of uranium are used for age determination. A less accurate method involves the 
determination spectrographically of the total lead in zircon in combination with 
measurement of the radioactivity by a@-counting; a technique using ther- 


moluminescence has also been developed ( (Vaz and Senftle, 1971). Fission-track 
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dating in zircons may also be used (Fleischer and Price, 1964; Naeser, 1969; 
Fleischer ef a/., 1975). A method for U, Pb, Th dating of singie grains of zircons 
by isotopic dilution has also been described (Lancelot ef a/., 1973). 


Although U-Pb age determination has been established as one of the most 


reliahle methodc.§ its annlication wac lmited by the laborious chemical methods 
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used in the dissolution of zircon and extraction of the uranium and lead. A low 
contamination method for the hydrothermal decomposition of zircon and the ex- 
traction of U and Pb via an ion-exchange column has, however, been developed 
(Krogh, 1973) and results, with an analytical reproducibility of 1 - 2m.y. for Pre- 


cambrian samples can be obtained with samples of less than 1 mg. The ratios 
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employed are 72°U/?°®Pb, 73°U/?°’Pb and 232-7 /208pp, The ages obtained from 
the first two ages, however, are generally discordant and Wetherill (1956) con- 
structed the so-called ‘concordia’ curve, the locus of concordant ages, defined by 


the decay constants for 7*°U and 735U; the age of the zircons (T) are then shown 


by one intercept of this curve and the second intercept can be interpreted as the 


time of a later geological episode during which the U- Pb system was again open 
for a short duration compared to the time T. Numerous variations on this modei 
have been proposed, discussion of which would be out of place here. A useful 
review is given by Allégre et a/. (1974) and good examples of the technique are the 
results of Krogh and Davis (1974b) on the Sudbury nickel irruptive, Ontario, 
which yielded an age of 1844m.y. + 2m.y. on selected grains of zircon weighing 
0:2 - 0:7 mg, an age relating specifically to the time of crystallization of the intru- 
sion, or the more complex case of 11 samples of detrital zircon from para- and or- 
thogneiss of the Ceneri zone of the Swiss Alps where the data chord for 


naraoneiss zircons intersect the concaordia (Fig. 224) at §10 + SOm.y. and 1940 
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(1 840-2 100) m.y. indicating that Precambrian crustal rocks contributed detrital 
zircons to the original sediments of the Aipine gneisses and that the area under- 
went severe isotopic disturbance at a much later date (Pidgeon er al., 1970; see 
also KOppel, 1974). 


; 
There are many problems connected with the inter 


U-Pb data but recent work has shown that chemical reaction is one of the con- 
trolling factors in the discordance of zircon U-Pb systems. Krogh and Davis 
(1974a) consider that the migration of Pb and U takes place during and perhaps 
after the formation of the botryoidal alteration of zircon which is visible along 
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and consequently the rate of loss of lead at any time depend on the degree of 
radiation damage, the temperature, and the availability and chemical species of 
capillary fluids. The variation in solubility in HF noted earlier for metamict zir- 


no 


cons indicated the Possibility of a concordant fraction being produced by 
differential dissolut an nroavided that Aifferantial laarhing nf TI and Pb in 
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Fig. 224. Concordia plot showing the data points of ortho- (1) and paragneiss (2) zircons from the 
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at 510 m.y. Orthogneiss points do not fall on the best fit line (after Pidgeon ef al., 1970). 


to wash vircons, does not. It is thus not necessary to postulate loss of lead by con- 
tinuous diffusion to explain the major part of the discordance of zircon ages 
(Krogh and Davis, 1975; see also Davis et al., 1976). The greatest age so far 
reported for a terrestrial rock is that of 3824 + 912 m.y. from 11 Pb/U deter- 
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minations on single zircons from acid ignimbritic boulders in the Isua con- 
glomerate, west Greenland (Michard-Vitrac et a/., 1977). 
The capability of the ion microprobe to obtain age data from pm size areas of 


a single grain of zircon in a thin section or grain mount has been demonstrated by 
Hinthorne et al. (1979) who obtained an age of 2 838 + 134 m.y. from the 
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207Pb/?°SPb ratio of zircon from a granite gneiss intruded by the Stillwater mafic 
igneous complex, Montana, compared with previous results of 2790 and 
2825 m.y. for bulk samples. Such analysis and petrographic observation of a zir- 
con grain in situ can avoid areas with cracks or inclusions and make interpreta- 
tion of the results more useful. Fission-track ages have been obtained on 18 


Greenland zircons by Gleadow and Brooks (1979). 


Ben neiens ent 


oxperimefitai 


The synthesis of zircon was first performed by Deville and Caron (1858) by the 
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r “wd Ms 
reaction at red heat of SiF, on ZrO, and of ZrF, on SiO2; more recently it has 
been formed by sintering ZrO, and SiO; in air at high temperatures (Leverenz, 
1950). Early published phase diagrams for the system ZrO.-SiO.2 gave various 
conflicting information but a reasonable resolution of the earlier data is probably 


hest renresented by Fig, 225, based on exnerimental work by Butterman and 


Vw Aw Pk ww ese wee VRCWNE Vsk VA pws shea wenemee VV We at Bree ws seek ke CEA 


Foster (1967), incorporating results of Rosén and Muan (1965) who calculated the 
standard Gibbs free energy of formation of ZrSiO, from the oxide components as 
a function of temperature. More recently the reaction of a number of silica- 
undersaturated phases with zircon and with baddeleyite (ZrO) enabled Schuiling 
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Fig. 225. Phase diagram for the system ZrO, - SiO, (after Butterman and Foster, 1967). 


et al, (1976) to determined the Gibbs energy of formation of zircon (A G°29s, i bad 
as -459:02 + 1:04 kcal. Figure 225 is in accord with the work of Toropov and 


Galakhov (1956) which showed a two-liquid region between 41 and 62 per cent 
SiO, with a lower limit of 2250°C and that of Mumpton and Roy (1960) and of 
Smith and Cline (1962), respectively, for the inversion temperatures of 


monoclinic to tetragonal ZrO, at 1170°C and of tetragonal to cubic ZrQ> at 
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2285 °. It is not, however, consistent with the features shown in earlier diagrams 
showing solid solution extending from pure zirconia to 3 - 10 per cent SiO:, e.g. 
Curtis and Sowman (1953); later studies by Lang et al. (1965) suggest that the 
solid solution in ZrO, does not exceed 0°1 per cent SiO, (or 0°3 % ZrSiO,). The 


effects of the addition of various other components to the system have been 


eawaae 


studied by various workers: Hibino et a/. (1965) found that the presence of V,O; 
lowered the lowest temperature of formation of zircon and that such conditions 
were best reached in an oxidizing atmosphere; in a reducing atmosphere zircon 


did not appear even at 1200°C. The hydrothermal synthesis of zircon over the 
range 150 to 700°C by heating gelatinous ZrO, and SiO, with water in steel 
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bombs was reported by Frondel and Collette (1957); the reaction was speeded by 
adding traces of ZrF,. These authors also reported zircon containing uranium 
and thorium in solid solution. The addition of either MgF, or NaF to the system 


is reported to accelerate the formation of zircon from SiO, and ZrO, (Hayashi, 
1971; Igeta et al., 1971); the system Na2.O- ZrO,2-SiO, contains a small primary 
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phase field of zircon at ‘high temperatures (Sircar and Brett, 1970). Uhrin et al. 
(1974) report the hydrothermai growth of singie-crystais of zircon from seeds at 
700 °C and approximately 1°6 kbar using mineralizing solutions of 2m KF and 


1m LiF with a 20 °C thermal gradient. HfSiO,, the Hf analogue of zircon, was 
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first reported to have been synthesized by Curtis et al. (1954), prior to its 
discovery as the natural species hafnon (Correia Neves ef a/., 1974); solid solution 
was reported between Hf- Zr and U-Zr analogues of zircon by Caruba ef al. 
(1975b) who also noted that Ge enters the zircon structure only at low 


temnoaratiirac hut who found that 47-ThUOn chanawed non cohid calutian with 
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ZrSiO,. The solid solution of trivalent transition elements in hydrothermally syn- 
thesized zircon was examined by Caruba et al. (1974b) who grew zircon from 
ZrO, doped with Dy2O;. Natural zircon has been experimentally corroded by 
hydrothermal treatment by Caruba et al. (1974a) who compared the resultant 
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At 2 kbar water pressure, 700 - 800°C, less than 100p.p.m. Zr is required for 
zircon saturation in peraluminous melts and those lying in the quartz- 
orthoclase-albite plane; in peralkaline melts, however, zircon solubility increases 
rapidly with the (Na2O + K,O)/AI1,0; ratio (Watson, 1979). Thus any felsic, non- 


neralkaline magma ic hkely ta cantain gircan ecryctale harance the caturatian level 
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is so low for these compositions. The reaction between zircon and Al,O; to form 
mullite and ZrO, proceeds very slowly at 1480°C (Sorrell and Sorrell, 1977); 
metastable tetragonal ZrO. occurs, making the determination of equilibrium 
assemblages difficult. 

At arniund 190 Lhar and annr 
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scheelite-type structure (Liu, 1979) which decomposes further to a mixture of 
ZrO; (cotunnite-type) plus SiO, (stishovite) in the 200-250 kbar range. 

In their hydrothermal syntheses of zircon, Frondel and Collette (1957) found 
that zircon produced at 150 - 350°C gave diffuse X-ray patterns though material 
made at 400 - 700° gave sharp reflections with @ 6°61, c 5° 98A. With decreasing 
temperatures the a dimension increases and c decreases, and this was attributed to 
the SiO, = (OH), substitution. Mumpton and Roy (1961), however, found no 
evidence for this substitution: a series of synthetic runs using mixtures on the 
ZrSiO4-Zr(OH),4 join yielded ZrO,+zircon at all temperatures from 250 to 
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ZrO2,-ThO,-SiO,-H.20 at temperatures up to 1200°C and at pressures up to 
4000 atm; the limit of solid solution between ZrSiO, and ThSiO, was found to be 
less than 3 mol. per cent in zircon at about 800°C and 1500 atm, though 
metastable solid solutions were prepared at lower temperatures with about 35 
mol. per cent ThSiO, in zircon. Caruba et a/. (1975Sb) reported that hydro-zircon, 
a-Zr (SiO4), (OH),,, could only be produced in the presence of F, and in a fur- 
ther study of this phase it was compared with natural metamict zircon, leading 
Caruba et al. (1975Sa) to suggest that fluorine leads to this substitution which 
brings about weaker bonds and that metamict zircons crystallize from a hydrated 
medium rich in F and radioactive elements. 

Metamict varieties of zircon can be converted in most cases to normal zircon 
by heating to 1000 - 1450°C, which gives material with the X-ray pattern of zir- 
con and with an increased specific gravity, though the latter is never quite as high 
as that for normal fresh zircon (Bauer, 1939). The differential thermal curves for 
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920°C, with some development of ZrO, and #-quartz, while Kulp ef a/. (1952) 

and Frondel (1953) found that metamict material showed a gradual loss of water 

between 100 and 225 °C, and gave a broad exothermic peak at 460 - 550°C, anda 

single or double peak at 880 - 910°C due to recrystallization. The relationship of 
amict decay hac heen invection 
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sov et al., 1969). A novel process for the relatively low temperature volatilization 
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(1300°C) of Si from zircon as SiS has been suggested (Hancock, 1977), allowing 
cheaper production of zirconia (ZrO) for refractory uses. 


Optical and Physical Properties 


The optical properties and specific gravity of the zircon minerals vary not only 
with the small amount of iron and similar elements which may enter the structure 


b t al 
u SO with the degree o of alteration Or metamictization ( (see previous sections). 


Morgan and Auer (1941) have shown that the birefringence i is approximately in- 
versely proportional to the intensity of radioactivity: 


Radio- 
D a £ é activity 
Normai zircon 46-471 1°924-1°934 1:970-1°977 0°636-0°053 Low 
Intermediate 4:2-4:6 1:903-1:927 1:921-1:970 0:017-0°043 Medium 
Metamict zircon 39-42 1°782-1°864 1°827-1°872 0 -0-008 High 





These divisions into the three types (as shown in the table) are made following 
Anderson (1941), and also Chudoba and Stackelberg (1936) who proposed a 
threefold division of zircons according to their density. The metamict variety may 
show an appreciable biaxial character: Ueda (1956), in conjunction with 


te nf th ifs t d ral 
measurements of the specific gravity and cell dimensions, has obtained values for 


2V of 0 °- 10 °, the specimen with a 2V of 10 ° having D 4-18, and showing a con- 

siderable anisotropic expansion of its structure with a, 6°657, @2 6°730, c 6:080 A. 
Zircon may be colourless or of varying shades of brown, yellow, green or even 

blue (usually after heat treatment), but in thin section it is typically colourless to 


alo hr 
pale brown, and may he weakly pleochroic i in very thick s sections. The colour may 


be related to the oxidation state of Fe, but is influenced also by the content of U 
and Th. The content of U and its distribution in a zoned crystal of zircon 
(hyacinth) was determined by Fielding (1970) and its distribution was shown to be 
linked to that of praseodymium; it was concluded, however, that the colour cen- 


trac a ancthle fr th 4+ 
tres responsible for the characteristic reddish colour of zircon are due to Nb 


ions produced by the radiation-induced reduction of Nb** ions which occupy cer- 
tain Zr** sites. In a natural crystal the presence of a defect with a characteristic 
absorption band at 3 400 cm™! is required before the reduction can proceed. The 
blue colour of the Siamese zircon of Table 45, anal. 2, is attributed to Cu and Fe. 


Gem varieties have received various names, jargoon being the colourless, slightly 


smoky, or pale yellow zircon, while hyacinth is the orange and reddish brown 
transparent type. The low, or metamict, zircon is typically leaf-green to olive or 
brownish green in colour; orange varieties are also known. Hafnian varieties are 


commonly orange-red in colour and are much denser; end-member hafnon was 
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calculated to have D 7:00 (Correia Neves et al., 1974). The colours of zircons oc- 


curring as an accessory mineral in granites have been studied extensively by 
Tomita (1954), who was able to correlate a granite of unknown age with another 
of known age when no difference of colour was observed between their zircons, 
but the empirical observation that the age, i.e. the lapse of time since the 


eructallizati afia zircon ar 
crystallization, 0 of a zircon is the most prominent factor causing Variations in col- 


our (Pigorini et a/., 1965) can only be used with many reservations. The colours 
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of zircons extracted from granitic xenoliths in some Japanese volcanic rocks were 
found to vary systematically according to the age of their host volcanic rocks 
(Karakida, 1967); Upper Miocene zircons are brownish red, Lower Pleistocene 
are pale pink, and Holocene are colourless. Colour and U-content were also 
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p.p.m. - for zircon from one Precambrian rock, but these authors warn against 
using a red colour to prove a Precambrian origin. The brown-red to light red- 
dish brown hyacinth zircon of Table 45, anal.3, was completely decolorized on 
heating to 650°C with no observable movement of the 200 X-ray reflection. 
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Electro on par amagnetic resonance studies Or or paruy substituting f tor Zr 4+ in 
zircon have been reported (Valishev ef a/., 1965); Raman spectra of zircon were 
obtained by Griffith (1970). Grain-by-grain thermoluminescence has been used to 
separate zircons in Lower Cambrian rocks into two groups, a heterogeneous 
group of regional detrital origin and a homogeneous group of presumed contem- 
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and synthetic zircons are given by Caruba et al. (1975Sa), see also Klimov ef al. 
(1960) and Saksena (1961); DIA and TGA curves of metamict zircons before and 
after heating were presented by Turovskiier a/. (1966). The appearance of an 
anomalous optical spectrum in low (metamict) Ceylon zircons (Anderson, 1961, 

1963) was later shown to be associated with small particles of ZrO, ina radiation- 
damaged zircon lattice in both heated and unheated stones (Vance and Anderson, 

1972a). Metamict zircons from Ceylon with an optical absorption band at 5 200A 
appear to have suffered more radiation damage than other metamict zircons from 
this locality (Vance and Anderson, 1972b); the lower limit of density of metamict 
zircons from Ceylon was considered to be = 3:96 g/cm? (7 1°79). Further lines of 
the anomalous absorption spectrum were observed in the infrared, and low- 
temperature polarization studies enabled lines of the anomalous spectrum to be 
distinguished from those due to the normal spectrum of U** in zircon (Vance, 

1974); the anomalous spectrum appears to derive from U** incorporated — in 
polycr ystalline ZrO. Chatoyancy in zircon has been recorded by Brauns (1907) 
as being due to numerous unidentified minute crystalline inclusions elongated 
parallel to the z axis. 

The infrared peak at 615 cm‘' was used to measure the degree of metamictiza- 
tion of 32 Precambrian zircons (Deliens et al., 1977), and it was shown that the 
duration of structural damage (i.e. the age of recrystallization) could be deduced 
from secondary metamictization and from the amounts of radioactive U and Th 
(determined by isotopic dilution techniques). Electron microprobe, optical and 
density determinations on a polished {100} face of prismatic zircon from Sri 
Lanka showing concentric growth structures gave an empirical equation: D = 
4:078 + (10°78 x birefringence); there is also a negative correlation between the 
UO; content and the birefringence (Sahama, 1981). 

Zircon is less compressible than any other studied compound with tetrahedral- 
ly coordinated Si; from | bar to 48-1 kbar, the Si-O distance shrinks from 1°623 
to 1611 A (Hazen and Finger, 1979). Projections of the Si-O distances to higher 
pressures lead to the suggestion that Sil! to Sif! transitions might occur when 
such distances approach 1°59 A at approximately 170 kbar. 

Zircon has a high dispersion which is only slightly less than that of diamond; 
for the B-G interval it amounts to 0°039. It is often fluorescent: the intermediate 
types may glow with an orange incandescence in a bunsen flame, possibly due to 
the presence of thorium. When yellow crystals are subjected to neutron irradia- 
tion they become bright green, cf. the characteristic green colour of metamict zir- 
con, 


Zircon 433 


Distinguishing Features 


The straight extinction, high refractive indices and birefringence of zircon are 
fairly characteristic and the often observable tetragonal form is an additional aid. 
Monazite and xenotime have better cleavage and lower refractive indices, while 


cassiterite and rutile, both tetragonal, have higher refractive indices and bi- 
refringence and are more typically reddish brown in thin section or in grains. Zir- 
con may be distinguished from thorite by its stronger birefringence, greater hard- 
ness and insolubility in HCl. Methods of identification of metamict varieties of 


zircon are given by Berman (1955). 


Paragenesis 


Igneous rocks. Zircon is a common accessory mineral of igneous rocks, par- 
ticularly the plutonic rocks and especially in those plutonic rocks relatively rich in 
sodium. It is generally present as small early formed crystals often enclosed in 
later minerals, but may form large well developed crystals in granite pegmatites 
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amphibole or other coloured silicates it sometimes gives rise to pleochroic haloes 
due to its content of radioactive elements. Recent work with the electron probe 
has shown, however, that not all thorium- and rare-earth-containing accessory 
minerals or minute inclusions are zircon: many can be shown to be xenotime or 
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concentrates from igneous rocks, showed that the crystallization of zircon is late 
in the consolidation of basaltic magma, early in dioritic or granitic magma, and 
may be early or late in alkaline rocks. For granitic rocks of magmatic origin, 
Murthy (1958) suggested that the crystallization of zircon is of short duration and 


is completed imme ediately after the emplacement of the magma from its source 
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and prior to the crystallization of the other minerals. Considerable attention has 
been paid to the size and morphological characters of zircons, particularly to 
their length/breadth ratio, and these factors are apparently closely similar 
throughout a body of magmatic granite: Poldervaart postulated that lack of such 
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(1957) studied zircons from a magmatic batholith grading from granodiorite to 
tonalite and found that the zircons are uniform throughout, but are different in 
small bodies of granodiorite and quartz monzonite which have sharp contacts 
against the main batholith: they thus concluded that the batholith represents a 


cinole intrusion which differentiated after emnlacement and that the later in- 
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trusives crystallized under different conditions. A detailed study of zircon 
populations from several intrusive members of the White Mountain magma 
series, New Hampshire, has shown that parameters such as colour, single-crystal 
morphology, and elongation ratio vary continously with host rock composition 


(Rorhec 1969); a sabbro has < 1 ner cent euhedral zircons. a monzodiorite has $0 
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per cent euhedral, and a quartz syenite of this series has > 90 per cent of the zir- 
con population euhedral. In an autochthonous granite, Poidervaart and 
Eckelmann (1955) found that zircons exhibiting growth phenomena bridge the 
gap between the predominantly euhedral zircons of intrusive granite and the 


mainly rounded zircons of siliceous cedimentec 
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Variation in the Hf/Zr ratio of accessory zircons in granitic rocks have been 
studied by many authors (see p. 422); Lyakhovich and Shevaieyevskii (1962) 
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noted that this ratio increases, within a particular complex, from granite to aplite 
to pegmatite and claimed that by its use they could distinguish whether a par- 
ticular pegmatite was genetically related to a granitic or other suite. They 


reported a zircon from the Dzhabyk - Karagan massif, Urals, to have 7°1 per cent 
HfO; and referred to this phase as alvite. Zircon crystals with 22-24 per cent 
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HfO, were observed intergrown with a crystal of thortveitite (Sc2Si,07) from a 
granite pegmatite in iveland, Norway (Levinson and Borup, 1960). Hafnium is 
known to become enriched with respect to zirconium in the zircon (anal. 7) of 
later stages of crystallization of certain Li-bearing pegmatites rich in Ta (Von 
Knorring and Hornung, 1961). Zircons rich in hafnium (HfO, 7-26 %) have 
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been described from granitic lithium- phosphate pegmatites of the Pyrenees where 
they are associated with niobotantalates (Fontan e/ a/., 1980) and from the Tanco 
pegmatite, Manitoba (Cerny and Siivola, 1980); zirconian hafnon and the haf- 
non end-member (HfSiO,) have been reported from Ta-bearing pegmatites of 


Zambezia in northern Mozambique (Correia Neves ef al., 1974). A study of zir- 
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con shapes by Vakhrushev (1956) suggested that some rounding of zircon may 
take place in igneous rocks by magmatic resorption and that appreciable corro- 
sion of the zircon grains may be due to metasomatism. Zircon may be locally 


abundant in alkaline plutonic rocks and is found for example in carbonatites, in 
the alkaline complex of the Kola Peninsula. and in mariupolite (e.g. Rudenko, 
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1957), and may occur in veins, with baddeleyite, in nepheline- bearing rocks (e.g. 
Guimaraes, 1948): it is also common in some trachytes. Zircon crystals up to 
16 cm long have been reported from gabbro pegmatite (Wilcox, 1936), while in 


veinlets in a granitic rock from Madagascar, Lacroix (1937) recorded a 


microcline- andesine- zircon- quartz rock with large zircons up to 12 x 8 cm, and 


Parsons (1931) described zircons up to 12 x 4 inches and 15 Ib in weight from a 

microcline - aibite rock (‘syenitic apiite’) in Brudeneii township, Ontario. 
Metamict zircons are known from pegmatites containing other radioactive 

minerals (e.g. Table 45, anals. 10, 11). In a study of the variation in the zircons of 


early and late granites of the northern Lake Balkash region, Noneshnikova and 


Kasaeva (1974) noted their colour, habit, structural state and trace element con- 
tent and were abie to relate decreasing specific gravity, refractive index, hardness, 
luminescence and intensity of magnetization with their degree of metamictiza- 
tion. The colloidal malacon of anal. 12 was considered by Turovskii et al. (1966) 


to be an independnt hydrothermal phase deposited from medium-temperature 


aqueous alkaline solutions. 


Sedimentary rocks. Zircon is relatively resistant to erosion and is a common ac- 
cessory mineral in many sediments, often surviving more than one cycle of 


weathering and sedimentation; it has been used in an index of mineralogical 


maturity of a sediment defined as the percentage of zircon + tourmaline + rutile 
in the transparent, non-micaceous heavy-minerail suite (Hubert, 1962). The 
mineral is frequently of use in correlating sandstones by their heavy mineral con- 


tent, its distinctive features of colour, zoning, habit, thermoluminescence or in- 
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another horizon nearby. Typical zircon grains from sands and gravels are figured 
by Hutton (1950). The methods of concentration and detailed measurement of 
sedimentary zircons were discussed by Poldervaart (1955), who pointed out that 
although zircon is normally a stable mineral it may be attacked by alkaline solu- 


tin How 
tions allowing the complex zirconium ions to be absorbed, e.g. on hydrated ferric 


oxides. Authigenic growth of zircon is fairly common; such authigenic zircons are 
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generally clear and transparent. Butterfield (1936) reported outgrowths on 
detrital zircons from the Millstone Grit of the English Pennines, for exampie, and 
similar authigenic outgrowths and overgrowths were described from Pre- 
cambrian sandstones of Mysore State, India (Rajulu and Nagaraja, 1966); the 


fact that some of these authigenic zircons occur as inclusions in the quartz and 
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feldspars of the sandstones indicates that they may be of both primary or secon- 
dary origin, i.e. from the original rock or formed in situ in the sediments. 
Although appreciable amounts of zircon may occur in some alkaline pegmatites, 
commercial supplies are mainly obtained from the natural concentrations found 
in zircon-bearing beach sands. Some 85 per cent of zircon for industrial use is 
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employed in refractories or moulding sands, most of the rest going into alloys or 
the chemical industry (with a very small percentage representing gem zircon from 
gem gravels as in Thailand or Sri Lanka). 


Variations in colour, euhedrism, crystal habit and zoning in zircons from a 
sandstone and conslomerate have been taken to imply that zircons from multiple 
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source areas and source rocks are present (Heimlich et al., 1975; but see also 
Harvey and Ferguson, 1977). Some of these zircons show inclined extinction and 
others show truncated zoning, these two features, due to breakage and reshaping 


during transport, should be strong indicators of sedimentary parentage for a 
metamorphic rock in which such zircons occur, 


ABaWeGseaws prada Awe an WV caawes Osewes Las wwe Vee sen 


Metamorphic rocks. In metamorphic rocks zircon is less common but may be 
found in orthogneiss even after regional metamorphism. Zircons from metamor- 


phosed sediments in a thermal aureole have been studied by Taubeneck (1957) 
who concluded that in lower grades than the pyroxene-hornfels facies they show 
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no changes, but that in argillaceous rocks of the pyroxene-hornfels facies the 
mineral develops overgrowths which result in a gradual change from rounded 
grains to euhedral zircons. Taubeneck also distinguished between euhedral zir- 


cons in granitized rocks and the euhedral zircons of magmatic granites as the 
former were found to have simpler crystal habits. greater elongation ratios, and 
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more variability in crystal size, ‘elongation ratio and number of crystals present. 
From a study of zircons from the contact aureoles of Precambrian 
metasediments or granites around Tertiary intrusive rocks in Colorado, Davis et 
al. (1968) found that not only was their degree of U/Pb age discordance directly 


related to distance from the intrusive contact but also the zircons are richer inU 
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and Th and become progressively more euhedral. Metamorphic zircons tend to 
occur as euhedral drum-like crystals with acute pyramids and short prism faces 
(Saxena, 1966), though here again there is a considerable range of shapes and 
overgrowths (e.g. Zabiyaka and Makhlayev, 1970). From the texture, colour, in- 


ternal features and morphology of zircons from Precambrian gneiss of the 


Swe eC wee eee Sees pase we, Seek we Week BSW Hsee Ve aGHas Heswsss VY 


Bighorn Mountains, Wyoming, Malcutt and Heimlich (1972) were able to 
distinguish two generations of zircon: the older is darker, zoned, inclusion- 
bearing and rounded and is partly or completely mantled by the younger col- 
ourless zircon. This is interpreted as resulting from solution of the older zircon 


under alkaline conditions followed by redeposition during the regional metamor- 
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phic episode. Detailed observations sometimes reveal complicated zonal patterns 
discordant with the present outline of the grains; such truncated zoning in zircon 
can normally be interpreted as indicative of the premetamorphic detrital origin. 
Such zircons have been reported from the Ryoke pelitic metamorphic rocks of 
Japan where they are locally mantled by thin layers of zircon which under elec- 


tron bombardment shows a blue fluorescence (Ono, 1973). Primary igneous zir- 
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cons may persist through into granulite facies metamorphism, with or without 
passing through the sedimentary cycie; zircon in charnockite from Baffin Island 
has been dated as having crystallized 1900 m.y. ago, and because of its fine, 
euhedral, internal zoning, interpreted as representing the age of the igneous rock 


hefore regional metamornhism in the orannlite facies (Pidaenn and Unwie 1075) 
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Examples of recrystallization of detrital zircons in polymetamorphic and anatec- 
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tic environments are documented by Grauert ef ai. (1973, 1974) and the use of zir- 
con morphology to characterize zircons inherited in metamorphic rocks has been 
described by Alinat er a/. (1979). 
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Sphene is widely distributed in igneous and metamorphic rocks: it occurs 
chiefly as an accessory but occasionally becomes an abundant rock-forming 


mineral Its name s derived fram thea Oraao nha allies tr ite 
minerai. Ato f1g@11iavy 1§ VMVIEVUU io6om tne WIVUA spnenos, a wedge, in anusion to 1ts 


characteristic cross-section (the name fitanite is a reference to the dark brown or 
black appearance of the original specimen). 


Structure 


The crystal structure of sphene was first investigated by Zachariasen (1930) who 
showed that it contains independent silicon- oxygen tetrahedra with groups of 


Synthetic sphene. 
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{CaO,] and [TiO«]. The twenty oxygen atoms per unit cell are in positions of three 
different kinds: one of these types of oxygen atom O(1) is not bound in any of the 
SiO, groups and can be replaced by (OH,F). The polyhedra around the three dif- 
ferent kinds of cations share only edges and corners but not faces: an SiO, 


tetrahedron thus shares one of its edges with a CaQ, polyhedron, and the TiO, 


octahedron shares four of its edges with CaO, polyhedra. 

A reinvestigation of the structure by Mongiorgi and Riva di Sanseverino (1968) 
confirmed the results of Zachariasen and refined the Si-O bond distances to 
1°627 and 1°639 A, in close agreement with those reported for other orthosilicates. 
Mongiorgi and Riva di Sanseverino chose a new orientation transforming the 
C2/c cell of Zachariasen to A2/a in conformity with crystallographic rules, the 
axial transformation being (101/010/100). Later the crystal structure of synthetic 
sphene was refined by Speer and Gibbs (1976) using an axial transformation to a 
right-handed coordinate system of (101/010/100) [the axial transformation from 


Mongiorgi and Riva di Sanseverino’s cell to that of Speer and Gibbs being 


(100/010/001)}. The relationships | between the two cells are illus trated in Fig. 230 
(p. 455). Speer and Gibbs found that the symmetry of syn thetic s spnene was 
P2,/a, as had previously been reported by Robbins (1968). 

The dominant structural units in sphene are chains of corner- sharing TiOQ«¢ oc- 
tahedra running parallel to the x axis (Fig. 226); the repeat unit in these chains is 


defined by two tilted octahedra which share common oxygen atoms O(1); two 
chains per unit cell are related by a centre of symmetry, one chain having the oc- 
tahedral Ti displaced in the +x direction from the centre of the octahedron and 
the other chain having the Ti displaced in the —x direction. These chains are cross- 
linked by SiO, tetrahedra sharing the remaining four oxygens 
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The four Oxygens of the SiO, tetrahedra are ‘shared with four separate TiOs oc- 
tahedrai groups in three separate chains; two Oxygens belong to the same chain, 
while the other two are shared by two chains. This produces a [TiOSiO,]- 
framework with large cavities enclosing Ca atoms in irregular 7-coordination 
polyhedra (Speer and Gibbs, 1976). Note: the unit cell chosen by Mongiorgi and 
Riva di Sanseverino (1968) has an additional centre of symmetry not present in 


N37 


P2,/a; Speer and Gibbs (1976) thus chose a new origin at the remaining centre of 
symmetry. 

No hydroxyl ions were present in the synthetic sphene studied by Speer and 
Gibbs (1976), but Zacharaisen (1930) and later Sahama (1946) had both proposed 


replacement of O(1) by OH,Cl, or F to satisfy the valency balance. Confirmation 
of the presence of OH in natural sphenes was provided by Isetti and Penco (1968) 
and Beran (1970) from infrared spectra: working on oriented plates of sphene, 
Beran showed also that the direction of the O-H bond was coincident with the a 
direction of the indicatrix, i.e. in the (010) plane nearly normal to x. 
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The symmetry of natural sphenes 1 1S found to vary from primitive (P2,/a) for 
fairly pure end-member compositions to A2/a with increasing (Al+Fe) substitu- 
tion (Higgins and Ribbe, 1976). Indeed synthetic CaTiSiO; has been shown to 
undergo a reversible, displacive phase transition at 220 + 20°C from space group 
P2,/a to A2/a (Taylor and Brown, 1976). The latter authors demonstrated that 
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the principal structural change characterizing this phase transition involves a 
movement of the Ti atom from its position off-centre towards one corner of the 
TiO. octahedron to a position at the geometric centre of the octahedron, a shift 
of 0°10 A. Speer and Gibbs (1976) suggested that this difference between the 


A-centred structure of the natural sphene studied by Mongiorgi and Riva di 
Sanseverino (1968) and the P2,/a structure is due to the presence in natural 
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Fig. 226. The structure of sphene: (a) perspective view showing zig-zag chain of Ti-octahedra cross- 
linked by isolated Si-tetrahedra. One of the Ca ions is shown in its seven-coordinated site between the 
chains (after Taylor and Brown, 1976). (b) Projection on (010) (after Mongiorgi and Riva di 
Sanseverino, 1968). 


sphene of numerous domains of P2,/a sphene related by a half-turn parallel to y; 
this would bring all atoms into coincidence except the Ti atoms because of their 
off-centre position. This non-coincidence of the Ti atoms would yield the linear 
disorder required by the space-averaging effect of the scattered X-rays. The 
coupled substitution of Fe and Al for Ti, and (OH,CI,F) for O(1) appears to 
favour domain formation in natural sphenes, i.e. (Fe,Al) + (OH,F,Cl) = Ti + 
O(1). Synthetic sphene is thus essentially a single domain resulting in space group 
P2,/a, but whereas all natural sphenes possess this space group at the unit cell 
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scale, the formation of domains due to chemical substitution in the octahedral 
chains causes the ‘average’ structure of most natural sphenes to be ‘disordered’ 
relative to synthetic and nearly pure natural specimens (Speer and Gibbs, 1976; 
Higgins and Ribbe, 1976). Speer and Gibbs suggested that if a Ti atom is off- 


centred in an octahedron, all other Ti atoms in the octahedral chain are off- 
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centred in the same direction but that as Fe and Al substitute for Ti, witha coupl- 
ed (OH,F,Cl) substituting for O(1), the electronic configuration changes and this 
trend need not follow. Thus the Ti atoms may be off-centred in either direction 
along x on either side of the non-Ti-containing octahedra; increased substitution 


would gradually 1 increase the number of antiferroelectric domains, and the cnace 
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group would appear to change gradually from P2,/a to A2/a (see also Taylor 
and Brown, 1976). It should be noted that the space group P2,/a is a subgroup of 
A2/a. The relationship between the cell parameters of natural sphenes with their 


compositional variation was investigated by Cerny and Riva di Sanseverino 
(197979) and Higgins and Rihhe (1076): the latter anthors chow that the lattice 
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parameters vary directly with the effective octahedral cation radius (EOCR), 
caiculated as EOCR = 0°605 -(0°075 Ai/Si) + (0°04 Fe/Si), where 0°605 is the 
radius of Ti‘** in sixfold coordination, Al/Si and Fe/Si are the atomic proportions 


of Al and Fe normalized to one Si, and 0°075 and 0:04 are the respective dif- 
ferancec hetween the radii of Al and Ti and Fe and Ti 
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The cell parameters of the pink sphenes from St Marcel, northern Italy, range 
a 7:061-7:092, b 8°699-8°708, c 6°552-6°564 A, B 113 ° 23’- 113-88 ° (Higgins 
and Ribbe, 1976, 1977; Mottana and Griffin, 1979), 

The tin silicate malayaite (CaSnSiOs) is isostructural with sphene; the larger 


. . : . : 
ciz7e of the tin ion in octahedral coordination leads to larger cell narameters and 
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the A2/a space group. The structure of a natural malayaite (a 7°149, b 8-906, 
c 6667, B 113°3°, Z = 4) near CaSno.9sTio.osOSiO, in composition was deter- 
mined in detail by Higgins and Ribbe (1977). Kinked chains of vertex-sharing 
{SnOe] octahedra run parallel to x; these are bridged by [SiO.] tetrahedra to form 


an [Gn OSi0O, a}? fra mework with large cavities cantainina the Ca atgme in - 
an ponvslVy 1ramewor Witnh iarge Caviuies Containing tne Ca atOms in ir 


regular sevenfold coordination. Synthetic malayaite was reported to have a 7°173, 
b 8°876, c 6'888 A, B 113°71° (Takenouchi, 1971), though Eppler (1976) gives a 
6°674, b 8°855,c7°548 A, B 119-°82° in the older setting. There is a linear relation- 
ship between d200 or doo? values and the Sn content of the solid solution with 


enhene foeaa Big 99 "7\ Tho ger moan mmm analingsa CaTifich. weac eunthacz en hwy 
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Robbins (1968). 

For metamict sphene, the structure is normally fully restored after heating for 
several hours at 800°C (Cerny and Povondra, 1972). For two partly metamict 
sphenes, Higgins and Ribbe (1976) found that the cell parameters decreased by 


araiind 1 ner cant after heating at 11NNP Far thraea haure 
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The structural implications of sphene polysynthetically twinned on <110> 
were considered by Borg (1970) who concluded that either Si tetrahedra or Ti oc- 
tahedra must rotate as well as translate during the mechanical twin glide. Despite 
the fact that the cross-linkage between chains of Ti octahedra must be broken for 


ratatinn ta accur thetwin 
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ao 
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Chemistry 


The chemistry of the sphene group of minerals was reviewed by Sahama (1946) 
who considered that Na, the rare earths, Mn, Sr and Ba substitute for Ca and 
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(after Takenouchi, 1971). 


OH, F (and Cl) substitute for oxygen; he also considered that Al, Fe**, Fe?*, 
Mg, Nb, Ta, V and Cr substitute for Ti. More recent collections of sphene 
analyses, e.g. those of Zabavnikova (1957), Serdyuchenko and Moleva (1961), 
Ivantishin ef al. (1964), Lee et a/. (1969), and particularly those obtained using an 
electron microprobe (Smith, 1970; Higgins and Ribbe 1976; Coombs et a/., 1976), 
have produced results which indicate that the chemical substitutions of primary 
importance are (Al,Fe?*) + (F,OH)” = Ti** + O?. The total of Al + Fe** is not 


greater than 30mol. per cent and Al is usually predominant (Higgins and Ribbe 


WAC Fasteee VY Bdawde Pw wweet yaaue ihe AUER YF Pk WRN AAA A REG EAe LE RIB BAAS GRAN ANALY, 


(1976). The results of detailed structural refinement (see p. 444), indicate that Al 
and Fe** occupy octahedral sites in natural sphenes and that the rare earths 
substitute for Ca. Thus although synthetic sphene of idealized composition 
CaTiSiO; contains no (F,OH), natural samples almost invariably contain small 


amounts, as has been appreciated for some time, but the molecular proportion 
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varies according to the amounts of Al + Fe**. From regard to octahedral 
stoichiometry and consideration of numerous published analyses, Higgins and 
Ribbe (1976) concluded that it is reasonable to assign all Ti + Fe** + Al to the oc- 


tahedral site and that there is no need to assign any AI to the tetrahedral site. Ac- 
cordingly they recalculated their analyses ‘normalized’ to one Si atom, when the 


ws Nass Bw ww Gee Babwas ASAGA YG BAA AARNE LL ede Wk AL Wsaady 


sum of the octahedral (Ti + Fe + Al) should also be one. The 12 analyses in Table 
46, have thus been caiculated in this fashion, on the basis of the 4Si in the unit 
cell, rather than on the more usual number of (O,OH,F) ions. Although where 
FeO has been reported it is so recorded, as pointed out by Higgins and Ribbe 


(1976) there j is no independent analytical evidence for the presence of Ba2+ nen_ 
vpw aWVSWEAL awe ealy K+ WwAAVY Wl Ww , Pp} wAik 


ding results of a Mossbauer study on Fe-bearing sphene. Methods for the deter- 
mination of major elements in the chemical analysis of sphene have been discuss- 


448 Orthosilicates 
ed by Meyrowitz (1971). Coombs ef a/. (1976) agree that the tetrahedral sites are 


filled with Si and after assigning Ti, Ai and Fe’* to fill the Y (octahedral) sites 
they place excess Fe as Fe?* along with Ca, Mg, Na, K, etc. in the X (sevenfold) 


site. The position of Zr, Nb, V, Cr, is uncertain: Sahama (1946) placed them with 


Ti but Higgins and Ribhe in their one analvsis containing Nb do not include it in 


but Higgins and Ribbe in their one analysis containing Nb do not include it in 
the reckoning. In Table 46, these elements are included with the X position ions 
but in some cases, e.g. anais. 1, 7, 10, a better balance wouid be obtained if they 
were included with Ti, Al and Fe. The grothite variety of sphene contains ap- 
preciable iron and aluminium, whereas those containing appreciable rare earths 


have been termed keilhauite or yttrotitanite; samples are known with up to about 


aaaayv aa Asap 


12 per cent (Y,Ce).0; though values of 3 to 5 per cent are more common, e.g. 
Table 46, anal. 9 (see also Nagashima and Chiba, 1965). In granitic rocks, 
available rare earths tend to be concentrated in the accessory phases sphene, zir- 


con and apatite. Detailed work on the amounts and variations of the individual 


rare earths in sphene has been reported by Sahama and Vahataln (1941) 


wea, eas 24d pitwaae vewsas pVsewe areaeeegaeace esau vy ceesceseasw La Ta’ fy 


Lyakovich (1962), Rass (1964), Ivantishin et al. (1964), Young and Munson 
(1966), Marchenko (1967), Fieischer and Altschuler (1969), Lee et a/. (1969), and 
Portnov ef al. (1974). Staatz et al. (1977) have shown that although sphene will 


accommodate whatever lanthanides are available when it crystallizes, the amount 


of REF and Thin cnhene ic affected by the nrecence of other minerals: cnhene in 
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rocks containing allanite or zircon has a lower Th content than sphene from rocks 
lacking these minerals. Recalculation of 271 published analyses for the relative 
proportions of lanthanides and Y in sphene shows that in the sequence alkalic 


pegmatite, alkalic rock, gabbro and pyroxenite, granodiorite, granite, and 


granite negmatite. the average contente of the lightect lanthanides (Ia Ce and 
Ot Bssitw PY Otiiatitws, Valbw Urwin Sw WwWEsAtwsbiy WE vas sbwistwot SUAS AMAIA (ra, i! mates 


La-Nd) decrease, the intermediate lanthanides (Sm- Ho) increase, the heaviest 
lanthanides (Er-Lu) increase, Y increases, and the La/Nd ratio decreases 
(Fleischer, 1978), indicating that the geological environment has an important ef- 


fect on the relative concentrations of the lanthanides; see also Fig. 228. The most 


abundant lanthanide in sphenes from granitic rocks and granitic negmatites can 
&* BU4aLE vY &* aUMtitweys wis 


be La, Ce, Nd, Gd or Yb: Y is much higher in sphene than in monazite from 
similar rocks. Rare earth element partition coefficient values show that in the 
Kangerdlugssuaq alkaline intrusion, east Greenland, the REE are preferentially 
accommodated by apatite relative to sphene (Henderson, 1980). Analyses for ma- 


1or elements and RFF in four cnhenes from Skve oranitesc revealed up to 46:1) ner 
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cent RE,O; (Exley, 1980); the substitution Ca3*Tit’ = REE3*Fe?* was suggested, 
where n averages 0°42. 
Most analyses of sphene show an appreciable amount of structural water, and 


fluorine also is often present. Sahama (1946) in addition reported the presence of 
chlorine (0-10 Oa in a lhaht vellow enhene fram the Urals. Taffa (1QA7\ 


chlorine (0-10 %) in a light yellow sphene from the Jaffe (1947) 
demonstrated spectroscopically that sphenes from 15 localities all had fluorine 
present. 

Sphenes are commonly fairly rich in trace elements, particularly those sphenes 
from late-stage granites and pegmatites. A study by Znamenskii ef al. (1962) 


chawed that in cnhenea_hearing hintite granitec the cenheane coantaine 91_ADd ner 
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cent of the total titanium available, 35-85 per cent of the niobium and 60 per cent 
of the tantalum. Considerable amounts of niobium, tantalum and vanadium have 
been recorded by Sahama (1946), see Table 46, anals. 1 and 6, and the association 
of niobium with titanium in sphene has been discussed by Fleischer etal. (1952). 


A ntalia ene with 14-N ner cen OO. (9-0 Wa Nh Vhoa en racnonized 
mr tantauan sphene wv ital 16 VW | Sad cent Ta,0; \o 7 tf Nb20s) nas been recognized, 


associated with the type specimen of striverite from Caraveggia, Piemonte, Italy 


Table 46. Sphene Analyses 

































































1 2 3 4 5 6 
siO, 30-44 29°84 30°61 31°28 30°59 30°32 
TiO, 39-66 39°73 39°43 33-33 35°16 33-70 
ZrO, 0-11 _ _ _ — 0-06 
Nb2O, 0°34 _ ~ _— _ 0°69 
Ta,0; 0-01 _ _ ~ _ 0-03 
RE,0O; 0°37 _ _ — — 0-30 
Al,0; 0-00 _ 0-09 3-95 3°53 444 
Fe,05 0-00 0-27 1:14 1-93 1:23 0-00 
FeO 0-14 ~ _ _ 036 0-20 
MnO 0-05 — — 0-00 0-04 0-01 
MgO 0-00 0-02 _ 0-04 O11 0°16 
CaO 27-20 29°70 28-57 27°85 28-10 28-40 
Na,O 0°37 ~ _ 0-04 _— 0-16 
K,0 0-00 _ — 0-03 — 0-00 
F 0-61 _— 0-00 _ 0-00 1-40 

+ . -21¢ : 
H.0° 0°56 net ~~ 131 L 0:22 0°54 
Fi2U WuUsS Wol _ _ 4 urls 

‘100-26’ 100°37 99-84 99-76 99-34 100-717 

=F 0:26 — — — — 0°59 
Total 100-00 100:37 99-84 99-76 99°34 100-02 
a 1-94 1-88 _ _ 1-875 1:84 
B — _ _ _ 1-899 _ 
y 2-095 1:99 _ _ 1-992 1-975 
2V, 23° 29° — _ _ 38° 
yiz 53° — _ — ~ 50 
D 3°54 _ — _ — 3-52 

Numbers of ions on the basis of four Si 

Si 4: 4-000 4-000 4-000 4-000 4-000 
Al — — | 0-014] 0:596 7 0-543 | 0:690 | 
Fe?* _ 0-027 4-03 07112 + 4-00 0°186 +3-99 0-121 _ +03 
Ti 3-919 4-005 | 3-875 | 3-205 | 3-460 | 3-343 | 
Mg — ] 0: ] — ree 0-021) 0-032] 
Nb 0-020 _ _ 0-041 
Fe?* 0:016 | _ | _ = | 0-039 | 0-022 | 
Zr 0-007 _ _— 0-004 
Mn 0-005 14-02% — +427 _ _ ores 40-005 "005 }-4-00 00 0-001 p18 
Na 0-094 a _— 0-010 0-041 
RE 0-018 _ | _ _ | _ | 0-014 
Ca 3°853° 4°266 4-000 3-816 3-937 4-018? 
K — — | — 0-005 | — | | 
F 0-253)... — — — 0-584. 
OH oan fe — — — 0-141 0-476 [10% 
O 19-83 20°32 19-83 19°41 19-92 19-98 
EOCR 0-605 0-605 0-606 0-600 0:596 0:592 





1 Light reddish brown sphene, nepheline-syenite, Kola Peninsula, USSR (Sahama, 1946). Anal. O. von Knorring et a/. Includes 
Sr 0-032, V205 0°10 (RE = La2O; 0:04, Ce203 0°12, Pr2O3 0°02, Nd2O; 0-08, Sm20; 0:02, Gd20; 0-02, Dy < 0-01, Er20;< 


0-01, Y,0; 0-05) 
ws, Fh OV}. 


2 Prismatic brown sphene, veins with albite and apatite in basic rock, Punta delle Pietre Nere, Lesina Lake, Foggia, Italy 
(Dell"Anna and Pizzirani, 1964). 


bw 


6°557A, B 113-78 °). 


Electron microprobe anal. 


A tw 


4 Grothite, pumpellyite-actinolite facies schists, Taveyanne formation, near Loéche, Valais, Switzerland (Coombs ef al., 


Sphene, Goschener Aip, Switzerland (Higgins and Ribbe, 1976). Electron microprobe anal. (Cell parameters a 7:062, b 8°708, c 


1976). 


Dark brown sphene, skarn in gneiss, Amerdloq, Fiord, Holsteinsborg, west Greenland (Pauly, 1948). Anal. A. H. Nielsen. 
Deep brown grothite, metamorphosed limestone, Parainen, Finland (Sahama, 1¥40). Anai. O. von Knorring et ai. includes 


Cr20; 0°02, SrO 0:05, V205 0°09 (RE = La2O; 0-02, Ce30; 0-06, Pr2Q; 0°01, Nd 20; 0:07, Sm20; 0°02, Gd 20; 0°02, Dy20; 
0-02, Er203 < 0:01, Yb203 <0°01, Y20; 0-06). (Cell parameters from Cerny and Riva di Sanseverino (1972): a 7:059, b 8°692, 
¢ 6547 A, B 114° 02’). 


EOCR (effective octahedral cation radius) = 0-605-(0-075 Al/Si)+(0-04Fe/Si). 


“ Includes S Sr 0-004. 


5 Includes Sr 0-024. 
inciudes Cr 0:002, Ta 
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9 10 11 12 
29°32 30°59 30:36 30°75 
35-26 33°51 30°73 30:39 
tr 0:19 — — 
— 0:93 _ 1:0 
— 0:00 — — 
4°51 1-89 0:66 1:22 
1-02 2-86 6°70 4:93 
1:34 1°41 0°82 2:92 
1:05 0-69 0:50 — 
0:03 0:05 0:05 — 
0°36 0-00 0:19 — 
25-72 26°66 27°87 27:96 
0-14 0°52 0°18 — 
0:07 0-00 0°17 — 
— 0-20 2:30 2:27 
0-64 0:58 0°62 — 
0-18 0-00 0:18 — 
99°74 100°52 101-49 101°44 
— 0-08 0:97 0:95 
99-74 100-44 100°52 10049 
1-90 — 1:795-1800 — 
2-40 _ 1:830-1-835  — 
(2E 69°-71°) — ~ ~ 
35°- 36° — — — 
3°55 3-582 3°35 3°510 
Numbers of ions on the basis of four Si 
4-000 _ 4-000 4000 
0°164 0°44] 1:020 | 0°756 | 
co el son Oe Ls Lon 0:286 + 4:02 
3-618 J 3-295 | 3-045 | 2:973 J 
0-073 | — | 0-037 | _ 
—_— 0-055 —_ Q:059 
0120 | 0-075 | 0:055 | ~ | 
— 0-012 —~ — 
3°85® 0:003 L 4-248 0-005 Laid 0-005 Lata! _ L 4-02 
0:037 0-132 0:046 — | 
0°231 0-092 | 0-033 | 0059 | 
3°760 3-768" 3-934 3-897 
0-012 | — | 0-028 | _ | 
—_ UUSS U'Y55 U'yI5S4 
0°55 9.592 0-503 [0°59 o:sag_ 150 ~ 
20°02 19°68 19°90 19°64 
0°603 0-598 0:587 0°593 
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7 Sphene, nephelinite, Lemagrut volcano, Tanzania (Smith, 1970). Includes SrO 0°3, (total Fe converted from FeO to Fe203). 
Rare earths include Y 20; 0°07, La2O; 0°1, Ce203 0°3, Pr2O3 0-1, Nd20;3 0°2, Sm20; 0°1, Eu20; tr., Gd2O03 0:1 (microprobe 


anal.). 
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earths are CeO; 0°03, LaxO; 0°85, Y2O3 0°18). 
9 Black sphene (red in thin chips), pegmatite, Quoscescer, N. E. of Harar, Abyssinia (Morgante, 1943). Includes P20; 0°06, 
BaO 0-04 (rare earths are Ce203 2°98, Y203 1°53). 


04’). 
12 


Pernstejnem, western Moravia, Czechoslovakia (Cerny and Povondra, 1972). “Anal. Vv. Machacek and L. ‘Bouberlova. Includes 
ThO; 0-012, UO, 0°15 per cent (cell parameters for material heated at 800 °C for 3 hours, a 7-040, b 8:643, c 6°527 A, B 114° 


8:714, c 6-572, B 114-15 %. 


ff... ng nae 
* Includes Sr 0°023. 


® Includes Th 0-008. 
Includes Ba 0°002. 


lane, Fontan dt sti 
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fee ge nae 
~ includes Sr 0°032. 
Includes U 0°004. 


0 Reddish brown sphene, granite, Borshchevochnyi Range, USSR (Zabavnikova, 1957). Includes SrO 0°43, PbO 0°01 per cent. 


Central core of brown metamict sphene, pegmatitic veinlet cutting Ca, Fe, Mg silicate skarn, Domaninek, near Bystrice nad 


Metamict sphene, Pierceville, New York (Higgins and Ribbe, 1976). Electron microprobe anal.; F by ion microprobe (cell 


parameters for material heated at 1100 °C for 3 hours @ 7:055, & 8°680, c 6°556 A, @ 113-93 °; natural material had @ 7-085, b 
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Fig. 228. Composition of lanthanides in sphenes from various types of rock (after Fleischer and 
Altschuler, 1969). 


(Clark, 1974). Detailed investigations of the trace element contents of sphene 
have been reported by Rass (1964) for sphene from the Koksharov 


te Se tiie 


ultramafic - alkalic complex in the southern Sikhote ’ Alin synclinorium, and by 
Lee ef a/. (1969) for i4 sphenes from granitic rocks in Nevada. Rass demonstrated 
that the contents of Y and Nb in the sphenes increased along with the degree of 
amphibolization of the pyroxenites. Lee ef al. ( 1969) found detectable Bi in four 


sphenes and 13 of the 14 sphenes contained Mo in the range 7-20 p.p.m. These 


sphenes contain a much less basic (and heavier) assemblage of rare earths than do 
the allanites which coexist with them, i.e. 2 (LatCet+Pr) ranges 16°7- 49-2 atomic 
per cent rare earths for the sphenes compared with 61-3-80°9 for the allanites and 


monazites. 
ition of V and Cr between sphene., biotite 


vet Sp seweseey Vest 


and magnetite in the “Ro ck Hill granodioritic c stock, California, were obtained by 
Putman and Alfors (1967) who also determined many other trace elements in 
sphene from this body, Jaffe (1947) recorded a chromiferous sphene (0°3-0°8% 
Cr.O;) associated with uvarovite in latite from California; an emerald green 


sphene from Baja California was reported to have approximately | per cent Cr 


Silt Sat oo Nella re ae WES SS pS ON SN LEY Pen we sees YF 


(Sinkankas, 1963) anda sphene containing Cr20; 0° 64 per cent has been describ- 
ed by Ivanov (1979). Appreciable scandium (0:220% S$ Sc) has been reported in 
sphene from pegmatites (Semenov ef al., 1966), and in her major element 
analyses of 18 sphenes, Zabavnikova (1957) included four with 0:01-0-05 per 
cent PbO. Strontium is common, substituting for Ca; it may amount to | per cent 
SrO, but 0:1-0°4 per cent is more common (Table. 46, anals. 1, 6, 7, 10). The 
distribution of trace elements in sphenes across the contacts of xenoliths in 
granitic rocks has been studied by Farrand (1960). 

Several chemical analyses of gem-quality sphenes (from Sri Lanka, Brazil and 
Baja California) are given, together with the properties, by Zwaan and Arps 


California) are given, together with the erties, aan and Arps 
(1981) and by Gunawardene and Hanni (1981). 

A tin analogue of sphene, malayaite (CaSnSiOs), is known and experimental 
work indicates that there is a range of solid solutions between malayaite and 
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sphene (see Fig. 229, p. 454). Chemical analysis of the type material gave SiO, 
21°26, SnO, 58°48, CaO 19°14, ign. loss 0°50, total 99°38 per cent; other analyses 
are given by John (1967), Miyahisa et a/. (1975) and Ogawa (1975) indicating only 
a small percentage of the sphene molecule, though samples containing ap- 


nreciahle TiM. are alen likely A variety af enhene containina 1N ner cent Sn in 
preciadie itt, are aso iuxeay. A Variety OF spnene containing iv per Cent sn in 


association with cassiterite was reported by Ramdohr (1935). 

Radioactivity in sphene is not uncommon and the occurrence of Th, U and He 
has been studied, e.g. Larsen and Keevil (1942), Keevil et a/. (1944), Hurley and 
Fairbairn (1957). In some of the oldest plutonic rocks of New Hampshire, Lyons 


(1041) faund tha a fram the Uiaghlanderaft nlu cariac had SQ6 p nm 
qirvuily avuliu that sphene irom tne raigmanacr wit plutonic ser veo naG YOU P-P- oill. 


of U compared with 342 p.p.m. U in zircon; in the Oliverian plutonic series all the 
uranium appeared to be concentrated in sphene and epidote. U/Pb measurements 
on sphene gave an age for granitic rocks of the Salinian block of California of = 
104m.y. (Mattinson, 1978). The Th/U ratio in sphene from the Koksharov com- 


nlev wac faund tn vary hetweaean 9 and 11 (Race 1QKA\ Tho nracenra of thacea 
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elements in sphene makes it of possible use for radiogenic dating, e.g. Larsen e¢ 
al. (1952). Although for the Jamaican granodiorite, Rb/Sr ages for feldspar and 
biotite and the 22°U/?°°Pb age for sphene all gave 65 + 5m.y. (Chubb and Burke, 
1963), sphene is in general less satisfactory for age work than zircon. Stable- 


ientane dilutian techninnec were vneed hy BDiurger ef al (10KB8) tra ahtain the 
sgulyVvpL RBELULIVGL Ce LEU Wei’ Uovu vy guLrsrvi ct Us. \iszve)} tw VULGIEl LI 


207Bb/?°4Pb versus 2°°Pb/?°4Pb age of 600 + 25 m.y. for a large crystal of sphene 
from a pegmatite in South West Africa. When sphene can be established 
petrographically to be of clearly metamorphic origin it may be used to determine 
the age of metamorphism, while the coexisting zircon may be secondary, having 


has darivad feam a nrima lanananie Ar candimantaru on: thanah thara ic cam 


ocen Gerivea irom 4 primary igneous Or scaimentary source, tnOugn tnere is some 
evidence of Pb loss from sphene (Pasteels and Michot, 1970). It has also been 
used in fission-track age determinations (Fleischer and Price, 1964; Naeser and 
Faul 1969). The effective geological track-annealing temperature for sphene has 
been estimated to be 260 + 20°C; the fission-track ages of sphenes from a suite of 
weranitern ranba in Uirtaria ramearea alancaly with U/Ar hintite aaac Far tha camain 
Bi Q@lWUty LUURS TIL VINLULIC CUTLIP AIL VIUOULly WILLE IN EAL ULULILY ABV LUL LIN SLE Llin 
trusions (Gleadow and Lovering, 1978), but are older by 35-135m.y. than the 
fission-track ages from apatites. 

Sphenes from 17 granitic rocks of the Caledonian ‘newer granites’ of 
Scotland, gave mean fission-track ages of 389 + 8m.y. (compared with the mean 
PienANn Anta nf 3107 12. 10m, nd thasa Aantac Ww warn intarnratan ac 
zircon Uale Vi OO/ T1090 im. y. ) ana LEIVOU UALYOS WHY TTILOLVIeleu ao 
initial post-intrusion cooling (Hurford, 1977). 

The occurrence of the radioactive elements Th and U in sphene leads to the 
development of metamict varieties (cf. zircon, p. 420). The completely metamict 
sphene represented by anal. 11 (Table 46) was found to have its structure fully 
wrantAea A aftar hanting Far theaa hares at QNNOM (Carnd nA DauanAra 1079) 
restored aicver PICAULIIIB LVL LIEU nours at ovv WY qTerny ana i Ovondara, IF/lhj. 
Sphene (anal. 12) from Pierceville, New York, was also found to be metamict, 
and on heating for three hours at 1100 °C gave sphene which showed a decrease in 
lattice parameters (1:7% decrease in cell volume) and a 2°! per cent increase in 


density (3°510 > 3°585 g/cm’). 


Sphene has been prepared artificially by fusing its constituent oxides, and using 
this method Smolensky (1912) determined its melting point as 1221 °C. Iwase and 
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1 af the ecvucta 
Fukusima (1932), however, later carried out a partiai study of the system 


CaO-SiO,-TiO2, and found that sphene melts congruently at 1382°C. The 
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system CaAl,Si20Og (anorthite) - NaAlSi;Og (albite)- CaTiSiOs (sphene) was in- 


vestigated by Prince (1943); in the CaAi,Si,03-CaTiSiO; system the eutectic 
composition is at 63 per cent sphene, and the eutectic temperature is 1301 °C. 


Prince also proposed : a tentative quaternary diagram for the system CaAl,Si2Og 
fanorthite)— NaAlci. falhite)_CaMoSi.0, (dioncide)—-CaTiSiOo. (sphene) 


\auwai Veh bnuy LNA L1S1,05 (asus WW GALVEBU172N76 (Mivpoimey NA A ERENT) LU PPA wt swe 


The reaction rutile + calcite + quartz = sphene + CO, is of considerable 
petrogenetic interest and thermodynamic data (Todd and Kelley, 1956; Robie and 
Waldbaum, 1968) have been used to calculate its location in P- T- X.., space, 


e.g. Karpov (1966), Schuiling and Vink (1967), Ghent and De Vries (1972). Re- 


eeant hudrnathe al ynerim tal wark ha owever ndircateac a dic enancy in the 
cent hydrothermal! experimentai WUILKR, LUWHVEl, inaicates a aiscrepancty in we 


thermodynamic data involving possible errors in the entropy of one or more of 
the solid phases and/or in CO, free energy data as well as a discrepancy in AG, 
of about 1-5 kcal/g.f.w. (Hunt and Kerrick, 1977). The latter authors obtained 
equilibrium temperatures of 500 + 5°C at 2 kbar, X.,, 0°5 and 535 + 10°C at 


2 AS khar Vv On& Althnai: the, avnarimantal wark extended toa S$ khar P 
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the discrepancies mentioned prohibit the extension of the curve above 3°45 kbar 
with present data. Hunt and Kerrick (1977) noted that the rate of forward reac- 
tion was about twice that of the back reaction; the latter appeared to reach a max- 
imum rate about 100°C below the equilibrium temperature. Thus the persistence 


af wnaltered enhane in retrograde matamarnhic racke tec nat a kinetic effect hit 
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must be attributed either to a lack of volatiles or to stabilization by a very H20- 
rich fluid. 

In an experimental study of high-pressure reactions and possible melt products 
occurring in the deep continental crust or in subducted oceanic crust, sphene was 
identified over a pressure range of 10-18kbar and to temperatures of 1020°C 
(Hellman and Green, 1979); sphene breaks down at lower pressure than the max- 
imum pressure stability of amphibole in hydrous mafic compositions, and rutile 
rather than sphene is the Ti-bearing accessory phase at pressures greater than 
16-18kbar. Sphene and Tutile coexist to pressures as low as 14kbar, thus am- 


nhihonle eclogites canta nha ry nhaca and without rutile h have 
pniooie CUIVeEitwwys containing spnene asa primary Pilase and wil Ub putt wave 


probably formed at depths less than 45 km. Experimental work at 20 kbar has 
shown that sphene can accommodate up to 0°37 octahedral Al at 1200 °C and 
0°43 Al at 1100°C, supporting the suggestion that the replacement of Ti in sphene 


by Al is aided by high pressure (Smith, 1980). 


Tha enheahdAne ralatinne af thea CaTiGiON. fenhane\_ CalnQin. (malavaiteal inin 
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show complete solid solution at 700°C and 1 kbar (Takenouchi, 1971). Below 
about 600°C at 1 kbar an immiscible region exists between the two end-members 
(Fig. 229), the top of the solvus being located near the compositional ratio 
Ti3: Sn, at 615 + 15°C. The exsolution of the malayaite-sphene solid solution 


wae renorted ta he fairly ehiagich and aueanchahle in the metactahle ctate at law 
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temperatures. The synthesis of malayaite in the system CaO - SnO2- SiO2.- NaOH 
at 300-700°C was reported by Nekrasov (1973). The germanium analogue of 
sphene has also been synthesized (Robbins, 1968). 


Alteration Products of sphene include anatase (octahedrite) often together 
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with quarez (Pough, 179%), OF OCCaSIONAawy rutue (Lacroix, 1715). A YCuow 
fibrous earthy material derived from sphene was given the name xanthitane and 
considered to be a hydrous titanate of aluminium; however, X-ray powder dif- 
fraction patterns show that xanthitane is identical with anatase (Goni, 1957). 
Pseudomorphs of anatase after sphene (up to 4cm long and with the wedge shape 
Af esmhanal nreaure in a Aaawnlh:uwaatharad allanita_haaring naamatita in Virainia 
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(Mitchell, 1964). Sphene in cavities in a granite at a sedimentary contact is 
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solid solution 
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Fig. 229. Experimental results for the system CaTiSiO, -CaSnSiO, at 1 000 har (after Takenouchi, 
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synchysite + IM muscovite + qualtZ,. Under retrogressive conditions, whenever 
volatiles remain in contact with sphene and the P- 7- X,,,, conditions are in the 
stability field of rutile-calcite- quartz, sphene can be expected to decompose. 
Such replacement of sphene by rutile-calcite-quartz pseudomorphs has been 


reported by Corlett and Mcllreath (1974). On the other hand in low- 
temperature- high-pressure parageneses the lawsonite~sphene assemblage cha- 
racteristic of the low-temperature zone of blueschist facies metamorphism (Ghent 
and Coleman, 1973) gives way to the higher grade assemblage epidote - rutile - 
quartz by the reaction 3 lawsonite + sphene = 2 zoisite + rutile + quartz + 5H20 
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After treatment with various solutions of alkali hydroxides, carbonates, bicar- 
bonates, chiorides and fiuorides at 450°C, and 500-2000 atm for 150 hours in an 

autoclave, sphene from the Khibiny alkali massif was altered to rutile, perovskite, 
iron garnet, and pectolite (Blinov et a/., 1974). These conditions were considered 
to be similar to those of high-temperature hydrothermal post-magmatic altera- 
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tion. 


Optical and Physical Properties 


In sphene the acute bisectrix direction y is almost normal to (102) and at an angle 


of about 50° to the trace of the prismatic cleavage. The position of y in relation to 
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Fig. 230. Relation between optical orientation and the unit cells chosen by Zacharaisen, 1930 
(subscript Z) and by Mongiorgi and Riva di Sanseverino, 1968 (subscript M). 


the old and new choice of unit cell is illustrated in Fig. 230. It may be noted that 
(001), = (100),, so if this face is present, the angle a between its trace and the a 
vibration direction (= 21°) may be taken as characteristic. In addition to extreme 
optic axial angle dispersion there is also weak inclined dispersion: often complete 
extinction is not observed. 

Data are insufficient to allow the relationship between the optical properties 
and chemical composition to be fully determined, but in general a decrease in Ti 
causes the refractive indices and birefringence to decrease and 2V to increase; 
thus the grothite varieties, containing Fe** and Al, usually have lower refractive 
indices and higher values of 2V. The lowest values are given by the rare-earth 
bearing varieties, e.g. keilhauite has been recorded with a 1°843, y 1:943 (Young, 
1938). The elements which appear to increase the specific gravity are mainly the 
rare earths and niobium (Fig. 231). The dispersion of the extinction angle y : z and 
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Fig. 231. The relationship between the specific gravity of sphene and content of rare earths + 
niobium (after Zabavnikova, 1957). 


of the optic axial angle has been determined for a dark brown sphene by Prince 
(1938). The relationship between colour and chemical composition for sphene has 
been investigated by Konta (1949). In general the colour can be correlated with 


the iron content, the green and yellow varieties being low in iron while the brown 


or hlack cnhenec may carry 1 ner cent oar more Fe.Q.: rare earths mav cance an 
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orange hue, though this is often dominated by the iron coloration. Konta also 
suggested that in some cases the colour may give an indication of the temperature 
of formation of the mineral. Small blue crystals of sphene with pleochroism a 
colourless, y sky-blue, have been reported together with allanite, gadolinite and 


arthoclace in the Ravenno oranite (Grill 1937). The more ucnal yellow, hrown or 
WLLAEWN ICO Ab CAIN AFC YUL Gi aise que abby As ST fye AAU AEAWEY UWUOUUK J whavey wawryvi: Wk 


dark brown sphenes are pleochroic in the greenish yellow to orange- -brown range, 
with absorption a < B < y, though the pleochroism is often weak. An emerald- 
green chromian sphene has been recorded from Baja California, Mexico 
(Sinkankas, 1963). Pale pink manganese-bearing sphene (MnO 0:34-0:99%) was 


described {as oreenovite) from the manganese mine at St Marcel, Valle d’ Aosta 
Iwlilhyeu » &!4 Walk vVvatwy 2RWahs taaw AMI BUIwOow SAALEA aliw ws sf AWM, 


northern Italy (Dufrenoy, 1840) and microprobe analyses of pink, reddish brown 
and green sphene from this locality have been reported with < 5 per cent substitu- 
tion of (Al + Fe + Mn) by Mottana and Griffin (1979); the pink colour appears to 
reflect the relatively high Mn/Fe ratios of © 2. 


A dAeatailead etudy nf the marnholooay af cnhana 
AA GOtanea@ stuay Of wie mOrpmoioOpgy Of spnene 


2 a 
(1970), including descriptions of the common simple twinning with twin plane 
{100}. Mechanical polysynthetic twinning on <110> has been observed in sphene 
in granite subjected to shock at a nuclear test site (Borg, 1970); commonly two 
sets of composition planes at about 55° to each other are developed in individual 


graine Thic confirme the earlier ahcervatinn hy Miaae (1 82Q)\ that the nolucun. 
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thetic twinning occasionally seen in sphene was due to mechanical twin glide; see 
also Borg and Heard (1972). Infrared spectra of sphene were obtained by Klimov 
et al. (1960), Isetti and Penco (1968) and Beran (1970), showing evidence of OH 
bonds; Raman spectra of sphene were measured by Griffith (1969) who assigned 
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bearing sphenes from a pegmatite were given as 6°4 and 6°6 x 10 °e.m.u./g 
(Young and Munson, 1966). 

Malayaite, the tin analogue of sphene, is pale yellow to orange-yellow in hand 
specimen, colourless to pale yellow in thin section; it is biaxial negative with a 
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3%-4 (Alexander and Flinter, 1965; John, 1967). Both natural and synthetic 
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specimens give a bright yellowish green fluorescence under short-wave ultraviolet 


elias 


light. 


Distinguishing Features 


The rhombic or sphenoidal cross-section of sphene is very characteristic. Its ex- 
treme refringence, birefringence and dispersion distinguish it from monazite and 
its monoclinic symmetry enables it to be distinguished from cassiterite. It differs 
from baddeleyite (ZrO>2) in having poorer cleavage and in being optically positive. 


—Lo nn ntie; A: A. 


Malayaite has lower refractive indices, and is optically negative. 


Paragenesis 


Igneous rocks. Sphene is a widespread accessory mineral of igneous rocks, and 
in many intermediate and acid plutonic rocks is the dominant titanium-bearing 


mineral It ic less common in the volcanic racks and occurs. therefore. chiefly in 
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diorites, syenites and granites and may be particularly abundant in nepheline- 
syenites; sphene from meiteigite in the livaara alkaline complex, Finiand, has 
been studied by Lehijarvi (1960). Large clove-brown crystals have been reported 
from gabbro pegmatite (Mawson, 1916) and sphene is a frequent accessory of the 


more acid negmatites (Table AB anal 9). There is a general relationshin between 
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the composition of sphene and the type of igneous rock in which it occurs: 
sphenes from basic and uitrabasic rocks are closest to the theoretical CaTiSiO; 
composition, whereas those from syenites and nepheline-syenites contain ap- 


preciable iron and aluminium and also Nb, and those from granites and par- 
ticularly from granitic pegmatites are rich in rare earths (see, for example, Zabav- 


BeBe kw Bw see’ 


nikova, 1957), where they are often the chief repositories for these elements. 
Detailed investigations of sphenes from granitic rocks have been reported by Lee 
et al. (1969) and by numerous Soviet authors, including Serdyuchenko and Pap 
(1959), Znamenskii et a/. (1962), Ivantishin et a/. (1964), and Marchenko (1967). 


In the Tunk Lake eranite. southeastern Maine, two generations of accessory 
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sphene have been recognized; in the outer zone of this concentrically zoned 
granite early-formed euhedrai crystais of sphene occur but in the cenire of 
the granite sphene forms irregular grains with biotite, replacing primary 


hornblende, suggesting late-stage crystallization (Karner, 1968). Quartz- 
microcline- plagioclase - pyroxene pegmatites containing snhene and allanite 
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have been studied by Heinrich (1959), from the area of Griffith Township, Ren- 
frew County, Ontario, and pegmatitic sphenes have been reported by many 
others including Abramovitch (1958), Burger et a/. (1965) and Semenov ef al. 


(1966). The metamict sphene of anal. 11 is associated with allanite and apatite in 
plagioclase- auart7 neomatite nenetratine a Ca Fe Mo-silicate ckarn. One of the 
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two metamict sphenes studied by Higgins and Ribbe (1976) was from the Renfrew 
County occurrences. Liquid inclusions in sphene have been used by Kokarev and 
Mel’nikova (1973) to give the temperature of quartz veins in the Urals as 
330-370°C for those containing envelope-shaped sphene and 230-240°C for 


those with tabular sphene. Although the regularly arranged brownish inclusions 
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(sagenite) in biotite are generally assumed to S be rutile, some regular triangular in- 
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clusions in biotite from the Aar and Gotthard massifs, Switzerland, have been 
shown by Niggli (1965) to be sphene. In certain ‘spotted granites’ (Osann, 1923) 
round light-coloured patches have cores of well developed crystals of sphene and 


these appear to be associated with basic inclusions: the patches may be related to 


the orhicular ctructure of many granites. In the Hvderahad oranites. thin rims of 
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sphene occur around magnetite in a hornblende - biotite granodiorite, the sphene 
and magnetite being considered by Rao ef al. (1973) to have been formed by the 
breakdown of hornblende during a metamorphic episode. Topsoil covering a 
granodiorite in California has been reported to contain numerous sphene crystals 
up to 4 x 4 x 2inches in size (Webb, 1939). Sphene is relatively abundant in the 
nepheline- -syenite and associated rocks of the Kola peninsula (Table 46, anal. 1) 
where it is found also with ilmenite in feidspar-aegirine pegmatites (Gerasimov- 
sky, 1936). Sphenes from different zones of the Khibina nepheline-syenite intru- 
sion have been investigated by Bonshtedt (1936), who found that they were 


honev- yellow from the fovaite, brownish from the khibinites, dark brown from 
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urtites, brown and pink from apaneite and yellow and pink from the contact 
zones: sphene-apatite rocks also occur in this complex (Sviatiovsky and 
Diterichs, 1939). 

Sphene is known also from low temperature alpine-type veins where it may be 


ssociated with adularia, albite and epidote. In volcanic rocks it has been record- 
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ed in sanidinite bombs (Stella Starrabba, 1947) where it occurs with hypersthene, 
nepheline, sanidine, biotite, monazite and apatite. The coexistence of perovskite 
and sphene in a rare group of nephelinite lavas (Tilley, 1953) led to a study of the 
chemistry of these phases together with their coexisting Fe- Ti oxides by Smith 


(1970) who analvced cnhene in five nenhelinites from Tanzania (Table 4A anal 
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7), Kenya, and West Africa, ina trachytic pitchstone from Cantal, France, and a 
trachyte from Tristan da Cunha. Sphene occurs in a scoria tuff from Forstberg 
near Ettringen, southern Eifel district, West Germany, where it lacks the usual 


{110} and {001} forms; normally all TiO, in these rocks is in augite which is abun- 
dant. Sphene from spilites and altered andesitic Permo-Carboniferous lavas has 
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been described by Morre-Biot (1970); veins of natrolite associated with sphene, 


albite and apatite were reported by Dell’ Anna and Pizzirani (1964). 


Metamorphic rocks. Sphene occurs chiefly in gneisses and schists rich in fer- 


romacnesian minerals: it is also a common accessory mineral in many metamor- 
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phic assemblages, and has been recorded, for example, in the aegirine granulites 
of Gien Lui, Aberdeenshire (McLachian, i951), where it varies in appearance 
from colourless blebs to greyish lozenge-shaped crystals; in the associated 


quartz-albite veins of this locality it often shows reddish patches around what 
appears to be an earlier core on to which more idiomornhic crystals are moulded. 
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In the Adirondack Mountains, sphenes of regional metamorphic origin are wide- 
ly distributed in gneisses, and the assemblage magnetite + sphene characterizes 
certain orthogneisses (Buddington et a/., 1963). Schists composed essentially of 


biotite and sphene (20%) have been described from psammitic rocks of the Moine 
series in Ardnamurchan. northwest Scotland. where Butler (1962) concluded that 
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they represented heavy mineral bands composed of sphene and iron oxides with a 
matrix that was partly pelitic and partly quartzofeidspathic; in this occurrence, 
the unusual chemical composition may have been accentuated at higher grades of 


metamorphism by metamorphic segregation, particularly a loss of Na2O or albite 
into the surrounding arkoses, Sphene also occurs in regionally metamorphosed 
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pelitic calcareous rocks of the calcic amphibole- K- feldspar isograd near a 
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granitic pluton in southeastern Ontario (Carmichael, 1970). In_ the 
pumpeliyite-actinolite facies schists near Loeéche, Valais, Switzerland, the 
sphenes are rich in Al and Fe (anal. 4) but the stability of the CaAlSiO0,(OH) 
component may be expected to decrease with increasing temperature and decreas- 


ing P (Coombe et al., 1O74)\: for thece racks concidered ta have farmed at 4% 
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2°5kbar and < 350°C, Xco, is unlikely to have exceeded about 0°02 in the fluid 
phase. This type of occurrence can in some circumstances be used as an indicator 
of P- T- X,., conditions; from experimental work on the reaction rutile + calcite 
+ quartz = sphene + CO,, combined with other experimentally determined 
equilibria in isobaric 7T-Xc¢o, sections, Hunt and Kerrick (1977) used 
Schreinemaker’s analysis to generate the entire set of reactions around each 
isobaric invariant point. Those reactions containing rutile or sphene are included 
in a schematic topology and T-X,,., diagrams delineate the stability fields of 
mineral assemblages which range from low to high metamorphic grade, e.g. Fig. 


929 which oivec nocecthle nrehnite—_ enhene relations hine nn the acocurmnt 
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the breakdown of prehnite is represented by: 
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5 prehnite = 2 zoisite + 2 grossular + 3 quartz + 4H,O 


Thus reaction (2) (see Fig. 232) is a potential indicator of grade within the 
prehnite- pumpellyite facies, since epidote- sphene- quartz and prehnite- 
sphene- quartz assemblages are frequent whereas rutile (ilmenite)-prehnite 
assemblages are known only from the lowest grade rocks of this facies. Similarly 
in the amphibolite facies rock (Carmichael, 1970; Ghent and DeVries, 1972) the 
reaction chlorite + sphene + quartz = Al- amphibole + ilmenite + HO is a critical 
one. In rocks of the granulite facies and in eclogites and kimberlites the 
clinopyroxene - rutile assemblage is stable rather than one with sphene, but in the 
relatively low-temperature but high-pressure conditions of the blueschist facies 
the reaction 3 lawsonite + sphene = 2 zoisite + rutile + quartz + 5H.2O gives the 


lower limit of the epidote zone. Taylor and Coleman (1968) suggested that there is 
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Fig. 232. Schematic isobaric equilibrium curves outlining possible sphene- prehnite relationships. 
Ce = caicite, Ksp = K-feidspar, Musc = muscovite, Pr = prehnite, Qtz = quartz, Kut = rutiie, Sph = 
sphene, Zo = zoisite (after Hunt and Kerrick, 1977). 
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a higher X¢o, in rocks of this zone compared with those of the lower temperature 
lawsonite-sphene zone. That rutile in eclogites is replaced by sphene + ilmenite in 
eclogite amphibolites has been documented by Knauer and Matthes (1970). The 


occurrence of sphene often with rutile has been reported from the basic 
glaucophane schists of the Tle de Groix (Makaniuola and Howie, 1972). The 


glaucophane schists of the Ile de Groix (Makanjuola and Howie, 1972) 
presence of sphene rather than the rutile + quartz + calcite assemblage in the low- 
grade rocks of the Franciscan and Sanbagawa terrains (Ernst, 1972) was at- 
tributed to the low partial pressure of CO, in these rocks, though it may be that 
the X¢o, limit imposed by the sphene- aragonite association is less H2O-rich than 
the value originally calculated by Ernst (1972, Fig. 3). 

The occurrence of sphene in association with prehnite and chlorite as altera- 
tion products of granitic biotite from the Victoria Range, New Zealand, has been 
recorded by Tulloch (1979). This metamorphic sphene has a composition quite 


different from that of associated magmatic sphene, notably being richer in Al 
(up to 7:°72% Al,O;), attributed to the substitution of (Al,Fe>*,OH,F) for (Ti,O) 


7s Al,O3), attributed to the substitution of (Al,Fe°",OH,F) for (Ti,O), 
and poorer in TiO2, which is not related to the host rock CaO content as in ig- 
neous rocks (Fig. 233). 

Highly aluminous sphenes with 0°33 + 0°02 Fe and 0°36 Al + 0:00 Fe (AI,0; 
9°31%) in the octahedral site have been reported from eclogite facies rocks in 


southwestern Norway, and in the Sesia-Lanzo zone of northwestern I taly, resnec- 
wate astt ad Zz wa I ta! awe 
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tively (Smith, 1980). 

Large crystals of sphene associated with fluorapatite, diopside and calcite have 
been reported from a phlogopite deposit in pyroxenite (Lacroix, 1940), and 
sphene is of fairly common occurrence in marbles and metamorphosed impure 


calc-silicate rocks. It occurs in the skarn zone, with titanaugite. analcite and 
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sodium-rich sanidine, where an olivine gabbro dyke cuts limestone at Camas Mor, 
Muck (Tilley, 1947), and is well known from the limestone contact zones of 
Parainen (Pargas), S. W. Finland (Table 46, anal. 6) and Mansj6 Mountain, 


Sweden (Eckermann, 1922), where the grothite variety occurs. Some sphenes 


found in skarns and other metasomatic rocks are relatively rich in rare earths, 
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Fig. 233. Composition of sphene in granitic rocks from the Victoria Range, New Zealand. (a) Varia- 
tion of TiO, content of sphene with host rock CaO content. (b) Atomic proportions of Al, Ti, Fe°* in 
paragneiss skarn; metamorphic sphenes which piot in the igneous field coexist with other Ca-Ail 
silicates into which Al has apparently been preferentially partitioned (after Tulloch, 1979). 
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e.g. sphene from migmatites or injection gneisses in southern Yakut with 4°25 per 
cent RE,O; and from sphene-diopside-scapolite skarn in the same area with 
3-00 per cent RE,O; (Serdyuchenko and Moleva, 1961). Accessory sphene is 


locally abundant (forming up to 4% of the rock) in metasomatically altered lava 
flows of the Siherian nlatform (Nadezhidina ef al. 1963). where pigeonite dion- 
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sidic augite and some of the titanomagnetite have been partially replaced by 
sphene, and the plagioclase by analcite and zeolites. Sphene has been reported 
also from a ‘skarn’ mineral assemblage in gneisses of the granulite facies of 
metamorphism (anal. 5) and has been found in garnetized dolerite or rodingite 


(Bilgrami and Howie, 1960), and in a Maenetite~sphene-chlorite rock associated 


iand na magnetite-sphene-ch 
with serpentinite (Haramura, 1961). 

Pink, reddish brown and green sphenes occur in several assembiages within the 
Praborna manganiferous metamorphic orebody, northern Italy, where they are 


found in omphacite- albite- quartz- piemontite- braunite associations; they con- 
tain 0°24-0-99 ner cent MnO and Q 0°11-0°76 ner cent Fe.Q, but are otherwise 
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close to the CaTiSiO; end-member composition (Mottana and Griffin, 1979). 


Malayaite 


Malayaite, the tin analogue of sphene, was first described from Perak, Malaysia 
(Inaham and Rradfnord 1960: Alevander and Flinter, 1QK4$\) acenciated with the 
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hydrothermal alteration of a cassiterite- quartz assemblage. It also occurs in 
wollastonite- diopside skarns in the Redaven valley, near Meldon, Devonshire 
(El Sharkawi and Dearman, 1966), and in a _ diopside~andradite- 
cassiterite-calcite~quartz assemblage in the Pinyok mine, Thailand (John, 
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1967; Takenouchi and Shoji, 1969), and from an examination of many of these 
associations Takenouchi (1971) considered that, however rich the system is in Ca, 
Sn and Si, malayaite does not form when there is enough Fe or Mg for the forma- 
tion of garnet or clinopyroxene, but does form when Fe or Mg are low. Malayaite 


has also been reported in association with arsenopyrite and lallingite i in a skarn 
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assemblage in the Toroku mine, Japan (Miyahisa et a/., 1975) and with 


clinopyroxene, actinolite and fluorite in skarn at the Sampo mine (Ogawa, 1975). 


Sedimentary rocks. In some sedimentary rocks sphene is found as rare detrital 


orains (Tahle 46 anal 8); where it ic more ahundant it tc nocchly of anthiseanic 
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origin. Secondary outgrowths on many detrital sphenes in an apparently 
unmetamorphosed sandstone in central Sweden have been attributed to the cir- 
culation of hot pore solutions related to the intrusion at no great distance of Jot- 
nian dolerites (Gorbatschev, 1962), the Ti being derived from the leaching of 
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Pyrope mz;A1,Si;0,, 

Almandine Fe2*A1,Si;0,, 

Spessartine Mn;Al,Si;0,, 

Grossular Ca;Ai,Si,0,, 

Andradite Ca,(Fe3*,Ti),Si;0,, 

Uvarovite Ca;Cr,Si,0;, 
Hydrogrossular Ca;A1,Si,0(SiO,), _,(OH) am 


Po 


$a 





Cubic n* D a(A) 

Pyrope 1:'714 3-582 11°459 Mg;Al,Si;012 

Almandine 1°830 4:318 11°526 Fe4*Al,Si;0,2 

Spessartine 1-800 4:°190 11-621 Mn,;AI,Si,0,, 

Grossular 1°734 3:°594 11°851 Ca3Al,Si30,2 

Andradite 1°887 3-859 12056 Ca;3(Fe>*, Ti)2Si30;2 

Uvarovite 1:865 3:83 11-996 Ca3Cr2Si;0,2 

Hydrogrossular 1°734- 3:°594- 11°85 Ca3A12Si208(SiO,),,,,(OH),,, 
1675 3°13 12°16 

Dispersion: Weak. 

Cleavage: None; {110} parting sometimes present (?); sub-conchoidal 
fracture 

Twinning: Complex and sector twinning, and zoning, may be visible in 
birefringent varieties. 

Colour: Red, brown, black, green, yellow, pink or white; colourless, 
pink, yellow, green or brown in thin section. 

Unit cell: Z = 8. Space group /Ja3d. 


Soluble with difficulty in HF. Hydrogrossular soluble in HCI or HNO3. 


The minerals of this group are particularly characteristic of metamorphic rocks 
but are also found in some igneous types and as detrital grains in sediments. The 
group is subdivided into the species listed above, which represent the end- 
members of the isomorphous series. A garnet corresponding in composition with 
any one end-member is rare, however, and the name is assigned according to the 
dominant molecule present. Winchell has separated the garnets into two series - 
pyralspite (pyrope, aimandine, spessartine) and ugrandite (uvarovite, grossular, 
anaradite): fairly complete and continuous variation in composition occurs within 
these two series, but there appears to be a less continuous variation between 
pyralspite and ugrandite. 

Melanite is a titanian andradite but in schorlomite titanium amounts to more 
than one atom per formula unit and its composition can be given as 
Ca;(Ti,Fe)2(Si, Al,Fe>*);0,,. Garnet ‘molecules’ containing rarer combinations 
of these common cations include blythite (Mn3*Mn+'Si;0,.),  cal- 
derite (Mn?*Fe3'Si;O,;.),  khoharite (Mg?*Fe3*Si,0,2) and knorringite 
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(Mg3*Cr3 *S130,.). Majorite isa high-pressure ‘phase near Mg;(Fe,Al,Si).Si,0;2 


* Grossular, spessartine, andradite and uvarovite may show appreciable birefringence. 
+ With this exception the values tabulated are those obtained for pure synthetic end-member 
garnets. 
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in composition. Hydro-ugrandite (Ca,Mg,Fe)3(Fe, Al) 2(SiO4) 3-(OH)axy | is the fer- 
ric iron analogue of hydrogrossular whereas henritermierite, Ca 3(Mn** * Al)2- 
(SiO4)2(OH)., although structurally a member of the garnet group and chemical- 
ly the manganic analogue of hydrogrossular, has tetragonal symmetry. Less com- 
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found, as in goldmanite, Ca3;V2Si3;0;2, kimzeyite, Ca3(Zr,Ti)2(AlI,Si)3;O12, 
yamatoite, Mn3V.2Si3O;2, and yttrogarnet, Y;Al2Ai;012 (YAG). 

The garnets are of particular interest to solid-state scientists because some 
yttrium - iron garnets are ferrimagnetic, some calcium-iron garnets are antifer- 
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The name, garnet, is possibly derived from the Latin granatum, a 
pomegranate, from the resemblance in colour to the fruit pulp. Almandine is 
possibly a corrupt derivation from the locality Alabanda, in Asia Minor, from 
whence came the alabandic carbuncles, or garnets cut en cabochon, mentioned by 


Pliny Andradite wac named after the Rragilian mineralogict J, R. d’ Andrada e 
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Silva who examined and described a variety of this mineral, while uvarovite was 
named in honour of Count S. S. Uvarov, one time President of St Petersburg 
(Leningrad) Academy. Some varieties of grossular are pale green in colour and 
the name is from the resemblance of this variety to the gooseberry, which has the 
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Greek pur6pos, fire-like, in allusion to its characteristic colour and appearance. 
Spessartine takes its name from a locality at Spessart, in northwest Bavaria. 


Structure 


The crystal structure of the garnets was first determined by Menzer (1926, 1928). 
Taking the general chemical formula as X3;Y2Z30,2, of which there are eight in 
the unit cell, the structure consists of alternating ZO, tetrahedra and YO, oc- 
tahedra which share corners to form a three-dimensional framework (Fig. 234). 
Within this there are cavities that can be described as distorted cubes, or aiter- 
natively as triangular dodecahedra, of eight oxygens which contain the X ions. 
Each oxygen is coordinated by one Z, one Y and two X cations. The X, Y and Z 


cations each occupy special fixed positions in the unit cell so that the only 
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variables to describe the structure are the cell edge and a single set (x, y, z) of 
oxygen atom coordinates. General features of the structure are summarized in 
Table 47. 

In this structure, two edges of each tetrahedron and six of each octahedron are 
shared with dodecahedra. and four dodecahedral edges are shared with other 
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dodecahedra. The high percentage of shared edges leads to a tightly packed struc- 
ture, accounting for the high density and high refractive index of garnets (Gibbs 
and Smith, 1965). Shared edges are not equal to unshared edges, so the polyhedra 


Table 47. Garnet structure: space group 4a3d (after Geller, 1967). 


Point symmetry 222 3 4 1 
Space group position 24c 16a 24d 96h 
Typical ideal formula {Ca;} {Al,] (Si;) O12 
Coordination to oxygen 8 6 4 

Type polyhedron Dodecahedron octahedron tetrahedron 


(distorted cube) 
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Fig. 234. Portion of the garnet structure projected down z showing the framework of alternating 
tetrahedra and octahedra (shaded) and the eightfold triangular dodecahedra coordinating the {X} ca- 
tions. The triangular dodecahedra are drawn as distorted cubes. Large open circles represent oxygens, 
smaller open circles the [ ¥] cations, solid circles the Si ions, and the hatched ones the {X} cations (after 
Novak and Gibbs, 1971). 


are distorted; the tetrahedron becomes a tetragonal bisphenoid and the oc- 
tahedron a trigonal antiprism. In the dodecahedron there are generally four 
smaller and four larger X-O distances. The latter feature had been postulated by 
Miyashiro (1953) for the pyralspite series as a likely consequence of Mg and Fe?* 
Occurring in eightfold instead of their more usual sixfold coordination; he also 
suggested that, although this might lead to lower stability of the structure, the 
smaller ions might be accommodated more readily at higher temperatures of for- 
mation. 

The garnet structure (Ja3d) can be considered as an example of body-centred 
cubic rod packing (Andersson and O’Keefe, 1977): anions are arranged around 
the threefold axes to form infinite rods of alternating triangular prisms (empty) 
and octahedra (centred by Al). This accounts for all the oxygens and also 
generates the tetrahedral and eight-coordinated sites. 

The structure of a grossular (Chihuahua, Mexico; SiO, 38°83, CaO 34°81, 
Al,0;3 18°84, Fe20; 4°36, TiO. 0°33, MgO 2°55 wt. %) was determined by 
Abrahams and Geller (1958) who were able to compare the irregularities of the 
oxygen polyhedra with those previously determined for a synthetic yttrium-iron 
garnet (Geller and Gilleo, 1957). The structures of many other synthetic garnets 
have been determined, e.g. those studied by Geller et a/. (1960) which had as con- 
stituents such elements as Co, Zn, Sn, Ti, Ge, Ga, Mn, Y and Gd. A further 
refinement of the structure of a grossular was reported by Prandl (1966). 

The structures of pyrope garnets were determined by Zemann and Zemann 
(1961) and by Gibbs and Smith (1965). In pyrope, the relatively small Mg ion ina 
large oxygen polyhedron shows a considerable asymmetric thermal vibration. 
The structure of a natural iron-bearing pyrope (as well as those of several syn- 
thetic rare-earth, Al, Ga and Fe garnets) was determined by Euler and Bruce 
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(1965), and that of a pure andradite by Quareni and De Pieri (1966). Euler and 
Bruce devised parameters which quantified the distortions of the tetrahedra, oc- 
tahedra and dodecahedra. As plotted by Novak and Gibbs (1971) these show 
clearly the division between pyralspite and ugrandite garnets. The former show 
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dodecahedron from pyrope to spessartine. The ugrandites show increasing 
regularity of the dodecahedra from grossular to andradite with little change in the 
octahedron and tetrahedron. Pyralspites also have shorter Si-O bonds, and 
shared polyhedral edges which are shorter than unshared edges. Cr-pyrope plots 
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pyralspites but has features intermediate between the two groups. 

The structures of eight natural garnets (chrome-pyrope, almandine, spessar- 
tine, manganoan grossular, grossular, uvarovite and andradite) were refined by 
Novak and Gibbs (1971) and compared with that of synthetic pyrope to deter- 
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lengths and bond angles (see also Novak and Meyer, 1970). For pyrope, the best 
oxygen parameters are x = 0:03285, y = 0°050 15 and z = 0°653 35; for grossular 
0:038 08, 0°044 93, 0°651 40. For pyrope, Si-O = 1° 634A, Al-O = 1:886A and 


Mg-O = 2:196 and 2°342 A: for grossular, Si-O = 1 -645 A, Al-O = 1-924A and 
Ca-O = 2:319 and 2:490 A. It was shown that the Si-O bond gths in the 


garnets fall in two populations which can be relate dt to the mean radius of the {X} 
(or {c}) ion: if r{X} is less than 1°0 A, Si-O = 1635 + 0:005 A but if r{X} exceeds 
1: 0 A, Si-O = 1-650 + 0-005 A. A plot of cell volumes against r? for the {Ca} and 
[Al] garnet series studied showed a break in slope at grossular (Gr), again 


arating to the two ceries referred to above. 
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A preliminary single- crystal X-ray study of a synthetic garnet of composition 
Py90Groj0 (a 11°5 A) has indicated that there may have been a structural change, 
possibly to space group /2;3 (Dempsey, 1980); this may well result from distor- 
tion caused by the substitution of the rather large Ca?* cation, and would explain 
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Cressey et al. (1978). 

In the Al silicate garnets {X3} [Al.] (Si3)O12 the radius of the X ion has a con- 
siderable effect on the details of the structure. Calculations by the method of 
‘Distance Least Squares’ suggest that the increase in the shared octahedral cee 
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than of decreased X- Al repulsion (Meagher, 1975). 

The crystal structures of grossular and pyrope at temperatures of up to 675 
and 750°C, respectively, have been determined by Meagher (1975) who showed 
that the oxygen positional parameters remain approximately constant in 
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tetrahedra in pyrope rotate allowing the shared octahedral edge to lengthen at a 
greater rate than the unshared edge, thereby decreasing the octahedral bond angle 
strain. 

The linear expansion coefficients (per °C) are 0°8 x 107° and 1°3 x 107° respec- 
tively for Ca-O and Al-O in grossular and 1°3 x 1075 and 0°8 x 1075 respectively 
for Mg-O and Al-O in pyrope; Si-O distances show no significant expansion. 
The structural changes that occur with heating bear some similarity to those 
which occur in X3A1,Si;0;>2 garnets as the size of X increases. 

The structures of a natural grossular anda a synthetic Pyrope at pressures: to 56 
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bulk moduli are 1 150, 1 300, 2 200 and 3 000 kbar respectively for {Ca}®, {Mg}°, 
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[Al]° and (Si)‘. The large eight-coordinated polyhedra compress more than the Al 
octahedra, which compress more than the Si tetrahedra. The eight-coordinated 
polyhedron becomes more regular at high pressure. Spectral measurements on 
Cr** ions in synthetic uvarovite, measured at five different pressures up to 200 


kbar showed a slight decrease in the Racach narameter (B) with pressure, and 
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thus an increase in the degree of covalency of the Cr**-O bond; for the range 
0-200 kbar the shortening in the Cr**-O bond was 0:7-1°0 per cent with a 
decrease in B energy value of 1:5-2 per cent (Abu-Eid and Burns, 1976). 

The magnetic structure of an analysed almandine from Falun, Sweden, was ex- 
amined by neutron diffraction and Mossbauer spectrometry (Prand], 1971; 


Prandl and Wagner, 1971); it ordered antiferromagnetically at T, = 7: 6°K, the 
spin structure having the magnetic symmetry /a3d. The orthorhombic symmetry 
around Fe?* is maintained in the magnetically ordered state. The magnetic basic 
vectors in the garnet structure have now been calculated for the lattice complexes 
16a, 24c and 24d (Prandl, 1976). 


Using X-ray fluorescence spectral shifts of AlKa and Mgka, the coordination 
states of Al** in Y; (Mg, Ai, (AL, yoi,JO;. and of Mg’* in (Y,,.Mg,)(MgAl)- 
(Al2- xSi,4 »)O12 were determined by Suwa et a/. (1970, 1971), who found that the 
ratio of All to All! was 40 : 60 for y = °, 14 : 86 for y = 1°8, and that even for 


y = 2:0 a small amount of AI® could remain. In the second species, Mg?” is six- 


coordinated for x = 0 and for x a 06 it becomes eight- coordinated by 
substituting for Y°*. The distribution of Ga** and Fe** between octahedral and 
tetrahedral sites of Y3;Ga,Fe, Oj. garnets was reviewed by Mueller and Ghose 
(1970). Unusual ion coordination numbers in the structures of some synthetic 


garnets were reported by Mill’ and Ronniger (1973). 
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The crystal structure ‘of the synthetic garnet Mn;Fe,Ge,0, 2 with @ 12°087 A, D 
5-162 g/cm? was refined by Lind and Geller (1969) who obtained bond distances 
Ge-O 1:77A, Fe-O 2:00A in good agreement with the analogous distances in 
three iron garnets, and Mn-O 2°30 and 2: 42A. For the synthetic YAG garnets, 


the cell edge a varies from 12:002A for Y3Al;O;2 to 12:275A for Y;GasO;,; 
even at high Ga/AIl ratios the Ga ions enter ‘the tetrahedral sites in the structure 


preferentially to the Al ions (Marezio ef al., 1968). 
The crystal structure of hydrogrossular has been shown to be fundamentally 

similar to that of grossular: hibschite, Ca;Al.Si,(O0H)4Os, has a@ 12° 166A Z= 

and space group Ja3d (Pabst, 1937). The substitution of the SiO, group by (O 


~ 
in synthetic hydrogarnets of composition Ca3Al,(OH),.2 and CasAl,(SiO.), 1 
(OH)3.36 (near hibschite) was studied structurally by Cohen-Addad ef al. (1967) 
using infrared and neutron diffraction techniques: the dimensions of the AlOg 
octahedra are not changed significantly from those in grossular and there is no for- 
mation of (OH), as a structural entity. The fundamental polyhedra in these 


hydrogarnets are either Al(OH). or both SiO, and Al0,,(OH),5 a formula 
Ca;3(SiO,),(Al(OH)..,), was proposed. A later examination of a hydro-andradite 
of composition Ca;Fe2(SiO.),-1s(OH)7.4 showed that here too the H is located 
outside the O, tetrahedra and that there is no structural entity (OH), (Cohen- 
Addad, 1971). In a structural refinement of a natural Ti-bearine hydrogarnet 
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Basso et al. (1981) showed that, unlike the synthetic highly hydrated garnets, both 
the octahedron and the dodecahedron suffer an appreciable volume increase, 
while the tetrahedron volume is unaffected by the 4H ~ Si substitution; all the 
Ti was allocated to the Y site mainly as Ti**. Deuterated hydrogrossular, 


Ca;Al, 2(04D,4)3, was svnthesized by Foreman (1968) who investigated the isomor- 
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phous ‘substitution of (O4H,)* for (SiO,)*". This phase has a 12:5755 A; the 
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shortest O-D distance is 0°95 at 301 1 °K and 0:94 A at 77 °K, which Foreman 


Henritermieérite _ is structurally a hydrogarnet, with composition Ca;(Mn;.sAlo. s) 
(SiO,)2(OH),4, but is tetragonal with @ 12°39, c 11°91 A. space group 14,/acd 
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(Aubry et al., 1969). Each oxygen of the SiO, tetrahedron is shared with an 
MnO,(OH), octahedron, four of the six oxygens of this octahedron being shared 
with SiO, tetrahedra while the other two are OH groups; Ca atoms lie in distorted 


cubic cavities. 


The length of the cell edge within the garnet group is of considerable use as a 
diagnostic feature and one which is readily obtained: the values of @ quoted in the 
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introductory table (mostly from Skinner, 1956) are those measured on synthetic 
material. If it is assumed that the cell edge is an additive function of the molecular 
proportions of the end-members of the garnet group, formulae may be con- 
structed enabling the cell edge to be related to the number and type of metal ions 


in the particular garnet molecule. Such formulae have been given by Gnevushev 


five main gart et molecules is given by 
AAY=A+ Br(X¥)4Cry) 
UUray i1 [ssf [“a 7 ' wrpay 
Different combinations of A, B and C values have been given in various 
Differe aa Wwesauaaa AeawseaG Va By 27 (1AM WwW VOELUMYO HAY YVNEL BLVVAt Ath Vaariwuoso 


publications as shown in Table 48. 
Using the cell edges calculated from their regression equation, Novak and 
Gibbs (1971), were able to predict bond lengths and angles statistically identical 


with those observed, and structural details of over 200 hypothetical cubic silicate 
garnets were predicted. Such parameters for garnets with a relatively wide range 
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of r {X} and r [Y] values provide information on the role and size of the non- 
tetrahedral cations in defining structural ‘stability’. Thus Fig. 235 was prepared 
from 200 possible combinations of ions with r ranging from 0:80-1:50 A and 


0°50 - 1:15A, respectively, making certain assumptions as to Si-O bond length 
(< 1°66 A), O - O distances of unshared octahedral edges (2 2°68 A), and the sizes 
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of the octahedral and dodecahedral cavities. The ‘stability’ field delineated in- 
cludes all known cubic silicate garnets and supports the contention of Zemann 
(1962) and Born and Zemann (1964) that Ca represents the upper limit of size of 
the {X} cations for the [Al] garnets, but the work of Novak and Gibbs (1971) in- 


dicates that at the other extreme. cations slightly smaller than {Mg} might be 
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A uu 

Q-19§ 1-S60 9-nnn Qnaunechay of al (1064) 1 

F bhaew a vwvuy a vyy WJM VUOLLINY Ci Us. \izvvu) i 
9°223 1-407 1-694 Bertaut and Forrat (1957) 2 
9-000 1-1919 1-4GA AcConnell (1966) 2 

2 fue h b&b a. 7 ava ALLINAL LE ZUU) ~ 
9°04 1°61 1-89 Novak and Gibbs (1971) 4 


1 Accuracy claimed is 3 to 5 per cent for a. 

2 Constants are for natural silicate garnets (synthetic ferrimagnetic garnets A;FesO,2, where A = rare earths 
and yttrium, were also studied). 

3 Using ionic radii from Ahrens (1952). 


4 By regression analysis of 56 well-characterized silicate garnets. 


474 Orthosilicates 





0°50 


0°80 0°90 1:00 1:10 1:20 1:30 1-40 1°50 
<r{X}>(A) 


Fig. 235. ‘Stability’ field for garnets from over 200 hypothetical structures predicted solely from 
r{X} and r{ Y] values (after Novak and Gibbs, 1971). 


stably incorporated in garnet but only under extreme pressures (see also Born and 
Zemann, 1963). 


Garnet End-Members 


In expressing the formulae of end-member garnets it is convenient to designate 
lattice positions by brackets of different shapes, {c}, [a], (d), and to consider a 
formula unit which is one-eighth of the unit cell content (Table 49). Geller (1960) 
considered that the siting of ions commonly found in garnets is: 


c: Ca?*, Mn?*, Mg?*, Fe?* 
a: Min, Me" AP* Cre Fe. Si Ti 
ad: Al**, Fe**, Si”: Ti® 


and Rickwood (1968) considered that the possible end-member molecules could 
be of the three types: 


(1) {R3"} [R37] (R93) O12 

(2) {R3*} [R* RY] (R* RS) O12 

(3) {R3*} [R2"] (R2* R**) O12 

Following Rickwood (1968) but including the possibility of Mn and V in the [a] 
positions, if one disregards molecules (i) with Si in a sites (a position it is reluctant 
to adopt), (ii) with more Ti** in d sites than in a sites and (iii) with more than one 
element of any valency state, then the ions listed above can be combined into 15 
theoretical molecules of type (1) (Table 49), none of type (2) and eight of type (3). 
Relaxing the above conditions, type (2) molecules would include melanite or tita- 
nian andradite Ca; (Fe**, Ti)2 (Si, Al, Fe**);0,2, schorlomite Ca; (Ti, Fe**)>- 
(Si, Al, Fe**);0,2, kimzeyite Ca;(Zr, Ti)2 (Al, Si)30,2 and majorite Mg; (Fe, Al,- 
Si)2Si30,2. The eight molecules of type (3) are all titanium-rich, with Ti in 
both a and d sites; the only common molecule would appear to be {Ca3} [Tia] (Fe2- 
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Table 49. Possible garnet formulae of type (1) 


{R3*} [R3*] (R$*) Name 

Ca Al Si Grossular 
Ca Fe Si Andradite 
Ca Cr Si Uvarovite 
Mn Al Si Spessartine 
Mn Mn Si Blythite 
Mn Fe Si Calderite 
Mn Cr Si _— 

Fe Al Si Almandine 
Fe Fe Si Skiagite 

Fe Cr Si — 

Mg Al Si Pyrope 

Mg Fe Si Khoharite 
Mg Cr Si Knorringite 
Ca Vv Si Goldmanite 
Mn Vv Si Yamatoite 


Ti) O,2. Blythite, {Mn3*} [Mn3*] (Si3)O,2 is included in Table 49, as is the 


molecule skiagite, {Fe3*} [Fe3*] (Sis) O12, though some doubt has been cast on 
the validity of the latter (see p. 545). 
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Infrared, ivwosspauer sp ecir. tra, etc. Much observational work has been done on 
the infrared spectra of garnets. The positions of the absorption maxima are af- 
fected by the nature of the cations in all three possible positions. The virtual 
direct relationship between the position of the absorption maxima and the mean 
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radius of the divalent cations in a series of 19 analysed garnets was demonstrated 
by Gnevushev and Fedorova (1964); see also Saksena (1961). The infrared spec- 
trum of grossular was also studied by Kolesova (1959), of andradite by Klimov ef 
al, (1960), and of hydrogrossular by Cohen-Addad ef a/. (1967) who showed the 


presence of SiO, groups with a _= disordered distribution in the 


CasAlz (SiO4), (OH) 2-4 ‘solid solution. For further work on the infrared spectra 
of hydrogarnets see Peters (1965) and Zabiriski (1966a). The garnets exhibit some 
of the most complex spectra of any known silicate mineral and the optical absorp- 
tion spectra have been studied in particular by Manning (1967a, 1967b, 1969, 
1973), who has been concerned with bands due to crystal-field transitions and 


with assigning these bands to particular transition- metal i ions. 

The infrared spectra of 13 analysed pyralspites were studied by Tarte and 
Deliens (1973) who demonstrated a relationship between the 635cm™' band and 
the pyrope percentage in almandine-pyrope solid solutions and the influence of 
the grossular component on the shapes of the low-frequency absorption bands; 
see also Franchini Angela and Ferraris (1970a) and Sviridov and Sviridova (1972). 
The water contents of nominally anhydrous garnets were detected by IR absorp- 
tion measurements by Wilkins and Sabine (1973), who found the highest water 
content (2°57%) in a dodecahedral crystal of calcian spessartine about 5 cm in size 
from Sterling Hill, New Jersey; other garnets had 0:009 (pyrope) to 0°148 per cent 


H.20 (andradite and grossular). They considered the structural role of the OH to 


be not entirely certain but that isolated OH ions occupy oxygen sites associate 
with vacancies or charge imbalance in cation sites. 


a 
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The infrared technique has been used extensively in the study of the titanian 
evidence led to the conclusion that Ti** substitutes on the octahedral site with 


concurrent substitution of Fe** and Al** on the tetrahedral site; the titanium on 
the octahedral site was considered to be a mixture of Ti** and Ti** leading to 


we ee ewes He GA OPK WS aes We He sees Bw esee ss 


several charge transfer processes which give these garnets their brown to black 
colour. Likewise Dowty (1971) refuted the arguments of Tarte (1960a,t b) for the 
existence of tetrahedral titanium on the basis of infrared spectra, and in addition 
to restricting titanium to octahedral sites, denied the presence of Ti**. Hartman 


(1969) argued on crystal chemical grounds that Si deficiency in titanian an- 
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dradites i iS compensated by the entry into tetrahedral sites of Al,Fe** or Ti** 

this order of preference, and concluded that the idealized formula should be writ. 
ten (Ca,Fe?*,Mg,Mn2*,Na,K)6(Ti**,Fe**,Al)4 (Si,Al,Fe’*)s6O24, although Ito 
and Frondel (1967a) considered that tetrahedral Ti was clearly indicated in their 
synthetic garnet of composition Ca;Zr,TiFe,0,2, and Espinosa (1964) reported 
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that both octahedrally and tetrahedrally coordinated Ti was present in the garnet 
(Ca2.sYo.s)(Zrli)(Ga2z.sTig.s)O12. However, as Huggins e¢ a/. (1977a) point out, 
the garnets synthesized from glasses probably resulted from quite different 
crystallization reactions. In natural titanian andradites and schorlomites, 
Mossbauer spectra showed the presence of up to five distinct kinds of iron ab- 
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sorption doublets (Fig. 236) with ferric iron in octahedral and tetrahedral coor- 
dination and ferrous iron in dodecahedr al, octahedral, and tetrahedral coordina- 
tion (Huggins et al., 1977b). The Fe?* in octahedral or tetrahedral coordination, 
rather than Ti, is considered responsible for the deep red-black colour and cor- 
related features in the optical absorption spectrum of these garnets. Estimates of 


Ti**/= Ti for this suite of 11 garnets exceeded 0-10 in only one sample. From ex- 
perimental work on synthetic Ti- containing silicate garnets, Huggins et ai. 
(1977a) established that the relative preference for the tetrahedral site must be in 
the order Al 2 Fe > Ti. For the natural samples the distribution of Fe between 
the octahedral sites and those tetrahedral sites not occupied by Si is comparable 
with the scheme for synthetic garnets only if oxidation states of the iron cations 
are disregarded, implying electron-hopping between Fe and Ti cations. 

The use of isotopic species (*°Ti- °°Ti) allowed Tarte et al. (1979) to obtain 
unequivocal proof that some of the additional bands in the 800-600 cm"! region 
of the infrared spectra of synthetic titanian andradite and titanian spessartine are 
due to TiO, tetrahedra. For Si-Ti replacements of up to 10 mol. per cent, the 
localization of Ti on the available tetrahedral sites was shown to depend on the 
nature of the cations; in titanian andradite, Ti is distributed over tetrahedral and 
octahedral sites, tetrahedral sites thus being occupied in part by Ti (infrared band 
near 700cm‘“') and in part by Fe (infrared band near 650cm™'). 


Although both | Huggins et al, (1977b) and Amthauer et al. (1977) assigned one 
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peak in the Mossbauer pallor lu rerrous irof©n substituting into ctér ahedr al sites, 
the inherent crystal-chemical problems associated with this substitution led 
Schwartz et al. (1980) to re-examine the possibility of cation- cation interactions in 
the garnet structure. For a suite of titanian garnets, doublets were assigned to 
Fe** in octahedral [Y] and tetrahedral (Z) sites, Fe?* in eightfold _triangular 
dodecahedral {X} and octahedral [ Y] sites, and Fe?* {X} > Fe** ( (Z) electron 
delocalization. This latter assignment obviates tetrahedral Fe?* replacing Si and is 
supported by considerations of ionic radii and crystal-field site preference 
energies. Site occupancy data led Schwartz et al. to conclude that the relative 
enrichment in the tetrahedral site is Fe** > (Al**,Ti‘) in titanian garnets of 
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Fig. 236. Méssbauer spectrum of schorlomite (Table 60, anal. 23) from Ardnamurchan, Scotland. 
The definitions of the doublets for the five distinct types of iron cations are shown (after Huggins ef 
al., 19T7a). 


The Mossbauer spectra of ''°Sn and *’Fe in three natural tin-bearing garnets 
reveal the presence of octahedral Sn‘** as well as octahedral Fe** and Fe?*; Sn** 


was not detected (Amthauer ef a/., 1979). The type of cation substitution thus 
derived for the tin-bearing andradites i is Sn‘* (oct.) + Fe?* (oct.) = 2 Fe?* (oct.). 
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The electronic spectra of transition-metal ions in garnets were further studied 
for 19 garnets by Moore and White (1972) who measured changes in band intensi- 
ty as a function of composition and gave modified assignments to some of the 
bands in these complex spectra, e.g. Fig. 237 for an almandine. Three intense 
near-infrared bands of Fe?* in a pyralspite were interpreted by White and Moore 


(1972) in terms of crystal-field theory and revised crystal- field stabilization 
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energies for Fe?* in garnets were calculated as 10°26 - 10°72 kcal/mol; these 
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Fig. 237. Absorption spectrum of an almandine at room and liquid nitrogen temperatures (after 
Moore and White, 1972). 
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recently, ‘Newman et al. (1978) were able to give a unique assignment for optical 
absorption bands of Fe”* in a pyrope- almandine at 7 800, 6 100 and 4800cm™'! to 
transitions from an A ground state to B2, A and B; excited states, respectively, 
contrary to the earlier results. The infrared absorption spectrum of a rather 
similar almandine- pyrope garnet in the wave number region 1 700 - 60cm”! was 
studied by Omori (1971) and the IR spectra of 50 analysed pyralspite garnets were 
investigated and interpreted by Narayanan Kutty and Anantha Iyer (1973). The 
investigation of an almandine by Evans and Sergent (1975), using °’Fe nuclear 
y-Tay resonance spectrometry supported the value for crystal-field stabilization 
energy for dodecahedral Fe?* obtained by White and Moore (1972) and led to the 
suggestion that this value should be a useful approximation to the site preference 
energy of Fe?* for this site. 

The use of isotopic species (7°Mg and 2°Si) enabled Cahay et al. (1981) to pro- 
ve that for synthetic pyrope the bands in the 1100-500 cm™ region are due to 
vibrations of SiO, tetrahedra; the infrared spectrum differs from that of natural 
pyrope due to the substitution in the latter of some Fe and Ca for Mg. 

The thermally modulated absorption of iron and manganese in spessartines 
and almandines shows bands at 12 000 cm™ and 14 000 cm”’ interpreted as inter- 
valence charge transfer from [Fe**]* to [Fe**]® and [Fe**}*, respectively (Loh, 
1975). Cas;Mn2Si;012 appears to be unstable in the garnet structure at normal 
temperatures (Strens, 1965b), but infrared spectra of this phase synthesized under 
high P- T conditions indicated that the SiO, tetrahedra are strongly affected by 
the Jahn-Teller distortion of the MnOg. octahedra and so are highly distorted 


(Nishizawa and Koizumi, 1975). 


Lene cmartes cunmthatin 1. 4 tine bateeeaem ceececarting a 


For infrared spectra of synthetic solid solutions between spessal tine and 
uvarovite, the frequencies assigned to tetrahedral vibration decrease linearly as 
uvarovite content increases (Suwa and Naka, 1975). For intermediate members of 
this series, however, a random distribution of the dodecahedral and octahedral 
cations is suggested. The use of magnetic « circular dichroism as a technique com- 


plementary to optical absor ption led t to the recognition of a distinct band in the 
spectra of pyrope-almandines at 22 700 cm™'; this band influences the colour of 
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garnet and was tentatively assigned to Ti** but alternatively might be due to 
Ti- Fe charge transfer or Mn** transitions (Runciman and Marshall, 1975). Possi- 
ble spin-allowed exchange-coupled pairs of interactions such as Fe?*-Fe**, 
Fe**-Ti**, Ti?*- Fe**, etc. involving Fe?* or Ti** in the tetrahedral site of garnet, 


rather than a single ion or charge-transfer transition, have been su iggested (Smith, 
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1978), from further study of the near-infrared spectra. 
The absorption spectra of the garnets in the visible and near-ultraviolet regions 
are also extremely complex, due to the variety of transition-metal ions that can 


substitute in the structure. The optical absorption spectra have been studied in 
detail by Manning (1967a, 1967b, 1969, 1970, 1972, 1973) and Manning and 
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Townsend (1970), and electronic absorption spectra for 19 silicate garnets of 
widely varying but known composition were measured by Moore ef a/. (1971) and 
Moore and White (1972) who were able to attempt further assignments of these 
spectra; see also Pampuch ef al. (1968), Hunt ef a/. (1973) and Farmer (1974). 


Interpretation of the near-infrared spectra of almandine by White and Moore 


(1972) and by Runciman and Sengupta (1974) led to two different models for the 
five 3d ieveis of ferrous ions in almandine. However, from the Mossbauer 
quadrupole splitting value and its temperature dependence, Huggins (1975) show- 
ed that the separation between the two lowest levels is about 1100cm™', favour- 
ing the model of White and Moore (1972). This value enabled more precise 
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estimates to be made of the crystal- field parameter and the crystal-field stabiliza- 
tion energy (Fig. 238), the latter being © ii kcal/mol. Using *’Fe Mossbauer 
(nuclear y-ray resonance) spectroscopy to study a pyralspite, Evans and Sergent 
(1975) found quadrupole splitting and isomer shift values of 3°6 and 1°4 mm/s, 


respectively, which are among the largest observed for Fe?* ions and indicate a 


very | low covalency of the dodecahedral Fe?*- 02" bonds. 

The Raman spectra of the main garnet species nave been measured and the 
modes due to the internal vibration of SiO, groups assigned (Griffith, 1969). Ab- 
sorption spectra of Cr-bearing pyropes and ugrandites between 2 500 and 250 nm 
were interpreted by Amthauer (1976) on the basis of the ligand band theory: small 


expansions of the structure cause a red shift of the two Cr* maxima, conforming 
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Fig. 238. The five 3 d ieveis, the crystai-field parameter ( (A ) and the crystai-fieid stabilization energy 
(CFSE) for the ferrous site in an almandine; units are cm 1 latter Huggins, 1975). 
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to a decreasing ligand field strength. Thus the observed colours (red-red- 
violet- violet in pyrope and green-emeraid-green in ugrandites) are caused by 
these characteristic shifts of the chromium doublet and by different concentra- 
tions of Cr**. The intense absorption band typical of Fe** produces an increase in 


the red component of the pyrone colour. The crystal-field spectra and infrared 
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spectra of three chrome-pyropes have also been investigated by Li and Ying 
(1979). 
On reinvestigation of garnet from the Glen Skiag type locality by Virgo and 


Yoder (1974), the electron probe analysis, although yielding no information on 


the valence state of the ir on, gave a halanced stoichiometric formula with all the 
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iron as Fe2*, The Mossbauer spectrum of the Glen Skiag garnet (Fig. 239a), 
however, showed a single absorption doublet characterized by a large quadrupole 
splitting, giving proof of Fe?* in the c site of the structure. In comparison, the 


Fe** absorption doublets in the c and a sites of andradite show a very much 
emaller quadrunole cnlitting (Fig 93Qh): cee alen Rancroft et al (1967) T vubnutin 


smaller quadrupole splitting (Fig. 239b); see also Bancroft ef a/. (1967), Lyubutin 
and Lyubutina (1970), Amthauer et al. (1976), and Manning and Tricker (1977). 
Figure 239c represents the °’Fe Mossbauer spectrum from titanian andradite and 
shows absorption doublets due to Fe>* in both the 4(d) and 6(a) coordinated sites. 

Preliminary results from an electron paramagnetic resonance investigation of 


the site occupancy of Gd3* in pyrope led Harrison and Weeks (1979) to suggest 
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that Gd occupies two crystallographic positions. 


Chemistry 
In addition to the six major garnet species, it must be considered theoretically 


possible to have a total of 16 such species, each of the divalent metals Ca, Mg, Fe 


and Mn combining with the four trivalent metals Al, Fe, Mn and Cr (all with Si 
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reported, though others would appear to be unlikely to occur in nature on 
geochemical grounds. The molecule Mg3Cr2Si;O,2 (hanléite) was discredited 
after reinvestigation of the type specimen (Sastri, 1963) but has recently been 
reinstated as knorringite on recognition of this molecule as an important consti- 
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analysis on which the recognition of skiagite as a natural garnet molecule was 
based was shown by Virgo and Yoder (1974) to be a poor analysis and the name 
was discredited, but recalculation of other analyses would appear to demonstrate 
the existence of small amounts of this molecule in many natural garnets. The 


nocethle garnet formulae are thne ac chown in Tahle 49 (p. 475). The two Cr- 
pOssioie Barnet rOrmuiae are (nus aS SNOW In 1.aoie 47 ane [wo 


bearing garnet phases, Mn;Cr2Si3;0,2 and Fe;Cr,Si;012, ‘have now been syn- 
thesized at 1000 °C and at pressures of >20 and 60 kbar, respectively (Fursenko, 
1981); the properties of these synthetic end-member compositions are for 
Mn;Cr.Si;0.2 @ 11°766 A, n 1:91, D 4:444 g/cm? and for FesCr2Si;012 a 
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In the andradites, titanium may become important. The exact role of titanium, 
and whether Ti>* may occur as well as Ti**, remains somewhat uncertain, partly 
due to analytical difficulties, and is considered in detail in the section on an- 
dradites. It should be mentioned here, however, that the names melanite and 

yvartatiac resnectively: it 
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been suggested that the term melanite be used synonymously with titanian an- 
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Fig. 239. The °*’Fe Méssbauer spectra at 298°K of (a) Glen Skiag garnet and (b) andradite. The 
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tahedral positions of kimzeyite (Ca;Zr,Fe,SiOg) and andradite (Ca,Fe,Si,0,,), respectively and (b) 
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77°K. The bars A,- A; and B,- Bs designate the absorption doublets due to Fe** in the four- and six- 
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Oordinated sites, respectively ( 
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dradite whereas those andraditic garnets in which Ti is greater than Fe** in the oc- 
tahedral position should be referred to as schorlomites (Ito and Frondel, 1967a). 


Rarer elements found in some garnets include vanadium and zirconium, 
onlac onldm ita Ca.V.Gi1.0.. (NMnench 


represented by uv the 
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epresentead oy tne end-memoer moiecwues go.amanite, 


and Meyrowitz, 1964), and yamatoite, Mn3;V,Si3;0,2 (Yoshimura and Momoi, 
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1964), for the vanadian species, and kimzeyite, Ca3Zr2(Al2Si)O12 (Milton et al., 
1961), for the zirconian member, with the possibility of Al = Fe** substitution. 
Yttrium may occur in natural garnets in greater than trace amounts and is a fre- 
quently synthesized composition as Y3;Al,Al;0,2 referred to as yttrogarnet 
(Yoder and Keith, 1951) or YAG. 

The occurrence of structural water in garnet has led to the recognition 
of hydrogrossular as a member of the series 3CaO.Al,0;.3Si0O,- 
3CaO.Al,0;.6H2.0O with a composition between grossular and _hibschite 
3CaO.Al,03.2SiO2.2H2,0 (Hutton, 1943). The more general formula for the 
hydrogarnets is X3Y2(ZO.)3.,,(OH)sm (McConnell, 1942), and recently the 
hydroandradite molecule has been recognized (Peters, 1965). 

The garnet analyses represented in Tables 52-64 have been selected from more 
than 1 000 analyses in the literature, over 500 of these having been recalculated to 


formulae of the type A ?*B3*Si;0,. and then expressed in terms of the end- 
member molecules, Although it is convenient for netrologists to have analvses in 
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terms of such often hypothetical molecules, the problem is much greater in the 
garnet group because of the relatively large number of end-member moiecules. it 
is possible to recalculate normal rock-forming garnet compositions into these 


molecules in 120 different ways (Rickwood, 1968) and some logic must thus be 
applied to the procedure. The method used earlier by Holmes (1921) was insuffi- 
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ciently rigorous and it is not possible to use published garnet compositions 
without making similar calculations; unless a common scheme is used, precise 
comparisons are not possible. Thus Rickwood (1968) proposed a standard 


scheme based on the combination of the various ions in a certain order and 
demonstrated the efficiency of the procedure by applying it to all the garnet 
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analyses quoted by Deer et al. (1962). This particular procedure has some disad- 
vantages, notably in that it uses non-standard compositions for some of the less 
important end-members: thus ‘hydrogrossular’ is taken as Ca3Al2H 20 12, i.e. Si- 
free and at variance with the definition of Hutton (1943), and ‘schorlomite’ 

taken as Ca3Ti,Fe,TiO;2, again an Si-free component and not as defined by Ito 
and Frondel (1967a). These molecules are quite legitimate but in so far as their 
use results in different percentage end-members they may in extreme cases give 
aberrant results. Nevertheless because of the overriding importance of being able 
to compare garnet analyses, and because of the widespread use of the Rickwood 


method, it has been adopted here and a Fortran computer programme has been 
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used to generate the end-member molecules tabulated; we have not seen fit to 
recalculate published analyses to produce improved balances between the Fe** 
and Fe** ions, although programmes have been devised for this purpose (e.g. 
Finger, 1972; Shimazaki, 1977) and are particularly applicable when dealing with 


electron micronrohe analvses 
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As has been mentioned, the analyses of Tables 52-64 have in part been 


selected by a consideration of the R?* : R** : R** ions, or the ratios of the sum of 
the atoms occupying the three main structural sites, to the ideal 3 : 2 : 3. Using the 
recalculation scheme he devised, Rickwood (1968) was able to show that the 


nercentage number of cations which can he allocated to garnet molecules ics a 
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useful alternative means of assessment of the quality of a garnet analysis. Thus it 
was shown that aii but four of the analyses quoted by Deer et ai. (1962) have more 
than 95 per cent of their cations allocated to garnet molecules (the modal value 


being about 98:5%). For the present compilation, garnet analyses in which 


greater percentages of cations fail to he allocated and which may thus be con- 
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sidered of dubious quality have in general been avoided, analyses with a slight 
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falling off below 95 per cent being used only where they illustrate an unusual 
paragenesis, e.g. Table 54, anal. 20, a chrome-pyrope crystal found as an inclu- 
sion within a diamond. A comparison of the results of recasting chemical 


analyses of garnets into end-member molecules following different schemes has 
heen renorted hy Timésk et a] (1978) 
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Compilations of many hundreds of chemical analyses of garnets have been 
reported and reviewed by Troger (1959) and by Sobolev (1964a) and both of these 
authors further classified garnets into paragenetic types. Thus Sobolev (196Sa) 


recognized four main species of rock-forming garnet: almandine-pyrope, 


almandine- spessartine, spessartine- -grossular and grossular-andradite, with 


titanium-bearing garnets forming a fifth species (the collective names ‘pyralspite’ 
and ‘ugrandite’ were discarded). 

Further variations in the chemistry of the garnet group and details of ex- 
perimental work on garnets are discussed under the sections on the main end- 


. 
member molecules; see also Knowles et a/. (1969) for a comparison of results of 


microprobe analyses of 22 garnets with those of classical chemical analyses, and 
Robie et a/. (1978) and Lasaga (1979) for details of thermodynamic properties 
and multicomponent exchange and diffusion, respectively. A  pressure- 


temperature plot of some experimental results on the six main garnet end-member 


moalacrulec ic aiven in Bia IAN Cunthat mam 
molecules is given in Fig. 240. Synthetic members of the group with no natural 


equivalent include the two diamond simulants yttrium aluminium garnet (YAG) 
and gadolinium gallium garnet (GGG); yttrium iron garnet (YIG) has important 
magnetic properties, being a ferrite and strongly magnetic though electrically in- 
sulating. YAG has the votuced b Y3Al;O,2, with n 1°833, dispersion 0:026, 
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Fig. 240. Pressure (total)- temperature plot of reaction curves for pyrope (Boyd and England, 1959; 
Schreyer and Seifert, 1969), almandine (Hsu, 1968; Keesmann et al., 1971, all for Fe/FeO buffers), 
grossular (Huckenholz et al., 1975; Hays, 1967), andradite (Huckenholz and Yoder, 1971), spessar- 
tine (Snow, 1943; Motiana, 1974), and uvarovite (Huckenhoiz and Knittel, 1975; Huckenholz, 1975). 
I = invariant point, S = singular point, I, = hydrous melting of grossular, andradite and uvarovite, I, 
= anhydrous meiting point, Ss. = congruent melting under hydrous and anhydrous conditions; long 


dashed curves are estimates (after Huckenholz, 1975). 
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from the melt. GGG has the formula Gd3GasO12, with n 2:02, dispersion 0°038, 
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1.072 - 7. Both of these synthetic materials Can be ‘doped’ with trace amounts of 
other elements to give a coloured stone, thus Cr gives a green gemstone, Co blue, 
Ti yellow, etc. (see also Webster, 1974; Elwell, 1979). Details of the synthesis of 
these various yttrian garnets have been given by Rudness and Kebler (1960); the 


growth of germanium garnets was described by Mill’ (1974) and the production 
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of vanadian analogues was reported by Ronniger and Mill’ (1973). 


Optical and Physical Properties 


The relationship between the refractive indices and other physical properties of 
garnets was investigated by Ford (1915) and by Fleischer (1937) using collected 


analyses of garnets to establish by extrapolation the most probable values for the 
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various end- “member garnet molecules. Most garnets may ‘be considered in terms 


of five components, almandine, andradite, grossular, pyrope and spessartine, 
and these five end-member molecules usually account for 99 per cent or more of 
each specimen. Levin (1949) described a method for determining the composition 
of a garnet by supplementing the three physical measurements (D, n, a) with a 
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partial chemical analysis i in terms of FeO or MnO, the summation to 100 per cent 
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providing a fifth factor permitting the solution of five simultaneous equations to 
yield the values of the five unknowns. Skinner (1956) determined the physical 
properties of five of the pure synthetic end-member garnets, and using these 
values Sriramadas (1957) constructed a series of eight triangular diagrams (Figs. 
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241(a)- (h)) allowing the composition of a garnet to be found in terms of three end- 


amt 


member components by measurement of the cell edge and refractive index. The 
specific gravity was not used for this purpose by Sriramadas as it was considered 
to be less reliable than the cell edge measurement. Garnets commonly have small 
inclusions of quartz or other minerals which cause the composite grain to have a 


low specific gravity; if grains are crushed to a size when the “inclusions are releas- 
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ed, the fineness of the resulting powder makes the accurate determination of its 
specific gravity more difficult. Henriques (1958) constructed regression equations 


giving the chemical composition of a garnet as a function of the cell edge and the 
refractive index. but considered that the average error of the resnective regression 
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coefficients was too great to give precise information on the chemical composi- 
tion of garnet from diagrams, or regression equations, using only these two pro- 
perties. More recently, multiple correlations and multiple regression equations 


were computed on the basis of chemical analyses of 31 garnets, and equations set 
up for the determination of physical properties of natural garnets from their 
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chemical composition and vice versa (Biswas, 1974); data from ; a further group of 


96 analysed garnets (Sobolev, 1964a) were used to produce alternative equations. 


Fig. 241. Variation of unit-cell edges and refractive indices with chemical composition in the garnet 
group of minerals (after Sriramadas, 1957). 

(a) Pyrope - spessartine - aimandine. 

(b) Grossular - spessartine - andradite. 

(c) Spessartine- grossuiar - aimandine. 

(d) Grossular - andradite- almandine. 

(e) Andradite - spessartine - aimandine. 

(f) Andradite- pyrope-almandine. 

(g) Pyrope- andradite- grossuiar. 

(h) Grossular - pyrope - almandine. 
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Using the Lorentz- Lorentz relation, refractive indices for the garnets were 
calculated by McConnell (1964, 1966) from the unit-cell dimensions and the ionic 
refractivities. The specific gravities of the garnet end-member molecules (Table 


50) were also calculated. Winchell (1958), however, constructed two diagrams in 
which the snecific gravity is plotted as a contour, the refractive index and cell 
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edge being taken as independent variables and used as ordinate and abscissa, 
while the chemical compositions of the end-member molecules and the specific 
gravity are plotted as functions of the two variables (Fig. 242a, b). Using these 


diagrams it is possible to estimate compositions in terms of the three-component 
or four-component composition fields. Thus, for example, if a garnet of 


aaa 


unknown composition has all: “550A, n 1:770, D 3°880, its composition may be 
estimated by reference in Fig. 242a to the triangle Pyr- Alm-Gro as mostly 
PyrssAlms; (found by drawing a line through the apex Gro and the given point to 


cut the Pyr- Alm base of the triangle at Pyr4sAlm;;), modified by about 17 per 


cent Gro, i.e. Pyvr.-Alm.-Gro.-: the contour lines chow that cnch a oarnet would 
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have D 3: 894. Similarly in Fig. 242a the composition could also be PyrgsAlm3, + 
i3 per cent And, or Pyr;;Aim39And,3, which has D 3°808. From Fig. 242b the 
same point may also represent a garnet with composition Pyr3sAlm9Sps3 with D 
3:950. The measured value D 3-880 lies 0°84 of the way from Pyrs7Alm3oAnd,; to 


Pyr3;7Alm,sGroi7;, and the composition may therefore be estimated as 


Pyr4oAlm,;Gro,4And, (found by adding 0°84 Pyr37Almg¢Gro,, and 0°16 
Pyrs7Alm3 9And,3): alternatively (Fig. 242b) the composition may _ be 
Pyr47Alm29Sp27Andg. In addition any other data available such as the MnO or 
FeO content or a knowledge of the mineral associations or paragenesis may be 


used to estimate more completely and less ambiguously the composition of the 


garnet. Diagrams relating n, D and a in the two series pyrope - almandine - 
spessartine and grossular - andradite were produced by Sastri (1957), and a series 
of 30 triangular diagrams relating n, D and not a but A 26 (CuK, )420,. - 
1011 has been presented by Camargo and Madureira Filho (1976), giving 


Table 50. Calculated values of refractive indices and specific gravities of the hypothetical garnet 
end-members (on the basis of the calculated dimensions of the unit cell) (after McConnell, 1966) 


a(A) n D 
Pyrope 11°447 1:727 3-570 
Almandine 11°544 1°827 4:298 
Spessartine 11°617 1:808 4:194 
Grossular 11°847 1732 3°598 
Andradite 12:037 1°889 3°870 
Uvarovite 12°022 1°865 3°826 
Khoharite 11°637 1:905 3°885 
Skiagite 11°734 2°010 4°567 
Calderite 11°807 1:985 4°461 
Blythiie 11°836 _— 4°413 
Knorringite 11-622 1°875 3°835 
Plazolite 12°090 1°686 3°205 
Ca3Al,(OH),2 12°576 1-606 2°526 
1 . 
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Fig. 242. Determinative charts for garnet (after Winchell, 1958). 
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9° 26 scan, using quartz as an internal standard. 

The use of such diagrams is based on the assumption that the physical proper- 
ties represented are additive functions of the molecular proportions of the end- 
members, and that components other than the five common end-member garnet 


molecules are relatively insignificant: Jean (1088) hac shown that far cihic 
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substances the additive relationship for a is valid if the pure end-members do not 
have very different molar volumes. The reiationship of the unit-cell dimension to 
composition in the almandine - spessartine and almandine - pyrope series (Fuji, 
1960) and the andradite - grossular series (Liou, 1973) was shown to be essentially 


rectilinear hut far almandine — arncenlar Crecceyv pt al (1078\ have chown ey_ 
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perimentally that there is evidence for a slight deviation from the straight-line 
relationship (see also Li et a/., 1978, who claim that the andradite - grossular rela- 
tionship should be represented by a double curve). See also discussion under the 
major species. 
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PWIA DS 
chemical composition does not work well with members of the garnet group if the 
usual K values for the various oxide constituents are used. If constants are deriv- 
ed for each pure end-member, however, and these are applied to end-member 


constituents, the equation gives results which are compatible with observed data 
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discrepancies among 7, D and chemical composition of individual garnets. 


For members of the hydrogrossular series the presence of (OH), replacing SiO, 
results in their having a lower specific gravity and refractive index, and a larger 
cell edge than prossular (the artificial end-member 3CaO. Al,O3.6H20 has n 
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tion and physical properties within the calcium aluminate hydrate ~-grossular 


av dencity and 
VA, UNllolly, allu 


Garnet Group: Introduction 491 


series have been given by Flint ef a/. (1941), Hutton (1943) and Yoder (1950); see 
also Zabinski (1966a) who reviewed the physical properties of the hydrogrossular 
series in detail, including DTA and TG curves and infrared spectra. The Winchell 


diagrams may be modified (Fig. 243) by the addition of  hibschite, 
Ca.Al,(Si0,),(OH),. to the nlot 


Ca3;Al,(SiO.4),(OH), to the plot. 

The refractive indices of pyrope garnet from various localities were determined 
by Jezek (1921) using light of different wavelengths: e.g. pyrope from Podsedice, 
Bohemia, has n,,; 1°74436, n,, 1°74763, and n,,,. 1°75968. Arbuniés-Andreu ef 
al. (1975) have attempted to relate the refractive index, specific gravity and 
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dine, green grossular and yellowish hessonite) and to establish their colour, 
measuring the transmittance and reflectance from 410 to 680nm in 20nm steps. 
The relationship of microhardness with chemical composition, unit-cell dimen- 


sion, specific gravity and refractive index has also been investigated by Jakabska 


. . 
. 
et al, (1973); the microhardness for garnets from volcanic rocks of the west Car- 


pathians was found to vary in the range 1 000- 1 300 kg/mm? and to be decreased 
by an increase in the amount of the andradite component. 
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Fig. 243. Determinative chart modified by the addition of hibschite (after Bezzi et al., 1968). 
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A garnet from northern Tanzania is reported to show an ‘alexandrite effect’, 
being biue-green in daylight and purplish red in incandescent light (Crown- 
ingshield, 1970); it is a pyrope - spessartine, the colour change being due to 
vanadium and chromium (V20O; 0°324, Cr,03 0°54%). A somewhat similar 


garnet from Fact Africa hac heen examined in detail hu Inhhine er al, (1978) who 
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showed it to have a composition near Py4ggSp4oGro,; with minor an- 
dradite/aimandine and 2°2 per cent goidmanite; it has V.0; 0°75, CaO 0°03 per 
cent (Table 61, anal.7). The blue-green to magenta colour change was ascribed to 
the presence of vanadium (Cr could not be detected in the absorption or 


fluorescence spectra): see also Schmetzer and Ottemann (1979). Some Czech 
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chrome- -pyropes change colour from greenish to red- violet in response to the 
same change in illumination from daylight to incandescent light (Fiala, 1965) and 
Hysingjord (1968) reported a chrome-pyrope (Table 54, anal. 11) from Ottery, 


Norway, which changed from violet to wine-red. Further work on the pyropes 


from the latter localitv chowed that the oreen varieties contained 6:2 ver cent 
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Cr203, violet 3:7 per cent (Hysingjord, 1968), the red garnet 1°5 per cent; thus it 
has been caiculated that these red pyropes become green when the crystal-field 
parameter Ao for substitutional Cr°** decreases below 17200cm™! or approx- 
imately 1970A (Carstens, 1973). Pyropes with Cr** as knorringite molecule, 


however, annear to remain red An iridescent andradite oarnet fram metamor- 
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phosed limestone in contact with a granodiorite has been recorded with a zonal 
banding {110}, on which a fine herringbone lamellar twinning {111} is superim- 
posed (Ingerson and Barksdale 1943): these twin lamellae give rise to intense 
bands of iridescent colour when they are 0:004 mm thick. The occasional asterism 


observed in garnets is due to minute inclusions: for almandine these have heen 
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described as needles of an asbestiform pyroxene (Brauns, 1907) oriented parallel 
to the edges of the dodecahedron, or as hornbiende (Gubelin, 1953; Eppier, 1958, 
Fig. 15). The absorption spectra of almandine, grossular and pyrope in the visible 


and near-infrared, have been investigated by Clark (1957) who interpreted the 


main peaks in the complex snectra of almandine and pyrope as due to Fe? * and 
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Fe**; the spectrum of grossular differs markedly from those of the other two. 
Data for various garnets include the linear and volume thermal expansion data 

obtained by Skinner (1956): the volume thermal expansions of andradite, 

grossular, pyrope and spessartine up to 800°C are essentially similar, but the ex- 
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epitaxial growth of single-crystal ferrimagnetic garnet films, the thermal expan- 
sions of numerous synthetic Ga and Ge garnets were determined by Geller et ai. 
(1972); none were silicates, but the plots of avs. 7 are all virtually parallel, ranging 
for example from 12°357 A at 23°C to 12:481 A at 1100°C (see also Croft, 1965). 


The compressihbilities of andradite and nyrone were determined hy Rridoman 
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(1928) and of almandine and grossular by Adams and Gibson (1929). The com- 
pressibility, to 45 kbar, of garnet of unspecified composition was examined by 
Vaidya et al. (1973) and for grossular the isothermal compression to 250 kbar and 


the effect of Ca on the bulk modulus were determined by Weaver et al. (1976), 
wha calenlated the hnilk madulnc K = 1 “74 + O-NA Mhar Ear cunthetic nurnne 
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Hazen and Finger (1978) obtained a. 11°456 A at 50 kbar; a natural grossular had 
a 11-846 A at 1 bar and i1:720A at 50 kbar. Buik moduli of pyrope and 
grossular are thus both approximately 1:350 Mbar which agrees with the 1°375 
Mbar value determined by Vaidya et a/. (1973). These values, however, are 


significantly smaller than those calculated using elastic constant data (Verma 
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1960; Anderson et al., 1968; Isaak and Graham, 1976; Bonczar ef al., 1977). For 
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pyrope and almandine, Sato et al. (1978) have obtained isothermal bulk moduli 
of 1-75 + 0:03 and 1:73 + 0°07 Mbar, respectively, and for a Czechoslovakian 
pyrope at > 100 kbar, Duba and Olinger (1972) obtained a bulk modulus of 
1-750 Mbar. Using a diamond-anvil cell at pressures from 1 atm to 50 kbar, Le- 


vien et al. (1979) determined the unit-cell parameters for a single-crystal of 


determined the unit-cell parameter a single-crystal 

pyrope (a Te 456 A at 1 atm, 11°354 A at 49- 6 kbar), and also obtained a value 
for the bulk modulus of pyrope of 1°75 Mbar. Shock wave Hugoniot data for 
almandine to > 650 kbar show that a high-pressure phase is developed at 195 + 20 
kbar with D 4°44 g/cm? and an ilmenite-like structure (Graham and Ahrens, 
1973). Determinations of the elastic constants of garnets were reported also by 
Ramachandra Rao (1945), Reddy and Bhimasenachar (1964), Soga (1967), 
Takahashi and Liu (1970) and Leitner and Weidner (1978). More recently 
ultrasonic measurements of second-order elastic constants of an alman- 
dine-spessartine garnet (D 4-239 6 g/cm*) gave the adiabatic bulk modulus as 
1 763°3 + 2:3 kbar (Isaak and Graham, 1976); least-squares analysis for the 
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garnet end-members gave values of pyrope 1658 + 13, almandine 1 801 + 7, 
spessartine 1 723 + 10, grossular i 705 + 13 kbar. Elastic constants for 16 garnets 
of a wide range of chemical compositions have been determined by BabuSka et al. 


(1978), leading to extrapolated elastic moduli for the five principal end-members. 
The thermal diffusivity of garnet was found to decrease linearly with 
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temperature up to about 420 °C (Kanamori et al., 1968); above that it increases 
(up to 820 °C). Horai (1971) found that in the garnet group the thermal conduc- 
tivity decreases with increasing mean atomic weight. 

The stress effects around inclusions in garnet have been studied with a view to 


determining their P~T conditions of crystallization. Thus niezobirefringent 
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haloes around quartz inclusions in almandine were examined by Rosenfeld (1969) 
who demonstrated experimentally that the maximun relative compression in the 
garnet is normally radial to the inclusion it surrounds; the intensity of the bire- 
fringence depends on the geological occurrence and the orientation of the quartz 
relative to the plane of the section. In pyrope from Bohemia, and from South 
African and Yakutian kimberlites, Carstens (1971), found zones of plastic flow 
around primary (syngenetic) inclusions, which clearly indicate a different type of 
behaviour. Further development of the method using piezobirefringence (Adams 
et al., 1975) however, led to its calibration and application to almandine- quartz 
associations from regional metamorphic terrain. Compositional variation within 


the series (Fe** ~Mg- Ca- Mn);Al:Si30;2 has little effect but one implication of 
the results is that linear thermal expansion of almandine is approximately 7°58 x 
10°°/°C, considerably higher than the values derived by Skinner (1956) from 
X-ray work on synthetic almandine. 


The resistivity of a pyrope was shown by Tolland (1973) t 
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susceptibilities of 23 garnets of known composition were measured by Frost 
(1960) who calculated the mass susceptibilities of the theoretical end-members as 
almandine 68 + 2, spessartine 81 + 3 and andradite 49 + 3 e.m.u. x 10 ©; grossular 
and pyrope were assumed to have zero susceptibilities (but see Lethuillier and 
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Massal, 1980). For the synthetic rare-earth | garnets, the Curie points ave been 
measured under hydrostatic pressures to 60 kbar (Bocquillon ef ai., 1973) and 
show that the Curie temperature increases with pressure according to a parabolic 
law. The magnetic properties of YIG-type garnets have been reported by Belov ef 
al. (1962). 


The colour of the various garnet species is discussed in the respective sections 
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on chemistry. Although garnets rarely fluoresce, a red fluorescent uvarovite has 
been noted (Pringsheim and Vogel, 1946), and a colourless hydrogrossular from 
Norway showing a clear orange fluorescence in short wave ultraviolet light (2 000 
- 3000A) has been recorded associated with a nearby non-fluorescent ferroan 
grossular (Nissen. 1972) 


rossular (Nissen, 1972). 

Members of the garnet group show strong powers of crystallization, the forms 
occurring most frequentiy being rhombic dodecahedra or icositetrahedra. A par- 
ticular study of the relationship between morphology, composition and 
paragenesis has been made by Kostov (1960, 1968), see Fig. 244. Although garnet 


has no cleavage, grains in crushed samples have been reported to show a poor 
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preferred parting along rhombic dodecahedral planes (Goeman and Schumann, 
1975). Fission track ages, corresponding with the time at which a mineral cooled 
below an effective closing temperature, have been used to date crystallization 
episodes. For the andradite - grossular series the closing temperature has been 
calculated to be @ 280°C (Haack and Potts, 1972; Haack, 1977a, b). For the 
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almandine - Spessartine series the annealing temperatures are somewhat lower 
(Lal et ai/., 1977). Fission tracks, in garnets (due to the breakdown of trace 
amounts of uranium) are very stable; they can be developed by etching in boiling 
NaOH solutions (Haack and Gramse, 1972). Uranium values of up to 10 p.p.m. 
have been estimated in garnets by this method (Singh and Virk, 1978; see also 
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Komarov et al., 1967). 

The relative hardness and lack of cleavage in garnet may lead to its apparent 
concentration in crushing and sieving processes (due to selective loss of feldspars 
and other well cleaved species); a quantitativ ve investigation of the problem of 


estimating the amount of garnet present in various rocks has been reported by 
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Jakabska and Timcak (1978). 

The DTA and TG curves of almandine, pyrope, spessartine, grossular, an- 
dradite, the titanium-rich varieties melanite and schorlomite, uvarovite, and 
hydrogrossular are very specific and distinct from each other and can be used for 
identification purposes (Ivanova ef al., 1973). 


Ce oe role 


Anisotropism is often marked in the ugrandite series; although smaii crystals 
may be isotropic, weak birefringence is rather characteristic of andradite and 
grossular, which may also show a complex series of twins, probably due to inter- 


nal strain in the crvstals. The type of twinning varies, often annearine as sector 
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Fig. 244. Variation in habit of garnet crysiais in reiation to the cation ratio and cubic 
Kostov, 1968). 
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twins composed of 12, 24 or 48 pyramids with vertices meeting at the centre of the 
crystal: these sectors may be slightly | biaxial. Distinct zoning may occur also, see 
frontispiece: zoning and twinning in anisotropic garnet is shown particularly well 
in the andradite of some contact metamorphic skarn deposits, e.g. the example 
figured by Kennedy (1953) from the Jumbo mine, Alaska, which has a 2V of ap- 
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proximately 90° and a birefringence estimated at 0°:00S. Almandine and pyrope 
are usually completely isotropic but spessartine may be weakly anisotropic. The 
earlier work on these optical anomalies in garnet has been summarized recently 
by Hariya and Kimura (1978). Anisotropism also occurs in goldmanite (Shepel’ 
and Karpenko, 1970; Karev, 1974). 


Blanc | and Maisonneuve (1973) attributed the birefringence to a magneto- -optic 
effect, with some magnetic ions such as rare earths of the yttrium group 
substituting for Ca, suggesting that since the grandites concerned are frequently 
found in skarn assemblages they may contain several thousand p.p.m. of rare 
earths. Birefringent rare-earth garnets are certainly known, but it would seem 
unlikely that all birefringent garnets contain such relatively large amounts of 
undetected rare earths. Most yitrium-bearing garnets are spessartine-almandines; 
one, an andradite from a skarn, is reported not to show birefringence (Kasowski 
and Hogarth, 1968). Electron probe traverses of birefringent andradites from 
Sardinian garnet- magnetite skarns revealed a Fe**/Al zonation corresponding 
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with the zonal lamellae, the birefringent zones being poorer in Fe and richer in Al 
(Verkaeren, 1971). Similar correspondence between Fe**/Ai ratios and bire- 
fringent zones was demonstrated by Lessing and Standish (1973), though in their 
andradite samples, from near a contact with porphyrite at Crested Butte, Col- 
orado, the dark, lower-birefringent zones apparently show the opposite trend and 
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coincided with the higher Al values. A zoned | birefringent dodecahedral andradite 
from a garnetite exposed by the Santorini caldera was demonstrated by Murad 
(1976) to be virtually pure andradite in the darker isotropic zones and to have a 
composition near And,g;Gro3;Sp,Alm, in the birefringent layers. 
Grossular- andradite crystals from Darwin, California, have been re corded 
birefringent and isotropic growth zones ranging from GrosoAnds9 to Gro and 
Andioo respectively (the isotropic zones having a composition of Andgo or 
greater); in the birefringent zones, 2V values of 30 °(—) to 65 °(+) have been 
measured and the birefringence value is * 0:010 (Foord and Mills, 1978). In- 
vestigation of birefringent garnets from several Japanese skarn deposits (Hariya 
and Kimura, 1978) revealed a wide range of compositions in the an- 
dradite-grossular range and electron-probe work again showed a sympathetic 
relationship in individual zones between Fe** and Al but with only a slight 
tendency for the anisotropic zones to be richer in Al (e.g. isotropic 13-95% AI,O3;, 


anisotropic 14-40% Al,03). As noted earlier, although the phenomenon i is found 
mainly in andradite-grossular garnets, it has also been recorded in pyralspites, 
e.g. In almandine-rich garnets from rhyolite and dacite (Kano and Yashima, 
1976), where the birefringent zones are slightly richer in Ca than the isotropic 
areas. Thus although details vary, these optical anomalies appear to be restricted 
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to garnets with an appreciable Ca component. A detailed chemical study on zon- 
ed isotropic and anisotropic zones in two andradites and two grossulars, with 27 
microprobe analyses of individual zones, has been reported by Wada et al. 
(1978). For the zoned birefringent andradites the only isotropic portion is the part 
which is almost pure andradite (Andog.9- Afnog.o); the more grossular-rich zones 


are all anisotropic. In a study of six grandites from a Japanese skarn, Mariko and 
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Nagai (1980) reported that maximum birefringence (0°004-0:010) occurred at 
And4oGroeo; the highly birefringent varieties are also zoned. 
Single-crystal X-ray work by Chase and Lefever (1960) gave asteriated Laue 


spots, interpreted as due to strain from variations in composition, perfection of 
ervstals. or growth conditions rather than totwinnine, A more detailed structural 


crystals, or growth conditions rather than to twinning. A more detailed structural 
study by Takeuchi and Haga (1976) on a ‘single-crystal’ fragment of a grossular- 
andradite from a skarn at Munam, North Korea, showing strong birefringence 
and demonstrated by electron microprobe analysis to be chemically homogeneous 
(Ca2.91:Al,.36Feo.6gSi2-970;2) confirmed the distorted nature of the cell. The 
Munam fragment, in the shape of a thin flake, gave a, 11 9197, a. 11°9225, a; 
11° -9199A, a 90° 03, B 90°12, y 89:98°, suggesting a monoclinic cell with a2 as ‘the 
unique axis, space group /2,/c. The diffraction symmetry was consistent with an 
orthorhombic symmetry, mmm, and difference Fourier synthesis revealed that 
peaks at the 16 octahedral positions were divided into two groups, showing cation 
ordering 
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The temperature to which birefringent varieties of grandite have to be heated 
to lose their birefringence has been used as an indication of the temperature of 
their crystallization (Merwin, 1915; Kozu et al., 1940; Ingerson and Barksdale, 
1943; Allen and Fahey, 1957). Experimental growth of anisotropic garnets has 
also been investigated; Kalinin (1967a) found that double refraction developed 
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only in crystals of grossular - andradite grown at high rates from solutions in 
which no intermediate metastable phases could develop; he also showed that the 
anisotropism cannot be attributed to the entry of water into the structure. More 
detailed experimental work by Hariya and Kimura (1978) in the range 550- 
870 °C and 250-1 500 bar, with or without H,O and COQ, established a broad 
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transition boundary (Fig. 245); the most favoured conditions for the formation 


of birefringent andradite - grossular garnet appear to be under Co, pr Cssure with 
excess water in relative low P- 7 conditions. 
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Fig. 245. Stability field for natural and synthetic garnets showing optical anomalies. Open circles: 
synthetic anisotropic garnets. Solid circles: synthetic isotropic garnets. Open rectangle: natural 
anisotropic garnets. Solid rectangle: natural isotropic garnets (after Hariya and Kimura, 1978). 
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Distinguishing Features 


The high relief and isotropic or weakly birefringent nature of garnet is 
characteristic: in the birefringent varieties zoning or sector twinning is frequently 


observed. Minerals of this sroun generally are less strongly coloured in thin sec- 


observed. Minerals of this group generally are less strongly coloured in thin sec 
tion than the spinels, and lack the {111} cleavage sometimes seen in the latter. The 
pink or red garnets are the most difficuit to distinguish from spineis: in generai 
the latter have lower refractive indices such that they do not overlap the garnet 
field, except for rare chromium-rich spinels (7 up to 1°734) and highly magnesian 
pyrope (nm 1°730); the spinels in addition have a lower specific gravity. Anderson 
(1959) has noted that in addition to the differences in the absorption spectra for 
pyrope and spinel, pyrope is inert under uitravioiet light while spinei is fiuores- 
cent. Likewise colourless grossular can be distinguished from synthetic spinel by 


its slightly higher refractive index and apricot fluorescence (Zook, 1975). 
Within the garnet group the various species are best distinguished by their 
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refractive indices, specific gravities and cell edges in conjunction, if possible, with 
partial chemical data, e.g. for FeO or MnO. The entry of even small amounts of 
the uvarovite molecule to the ugrandite series imparts an emerald-green colour in 


hand specimen; chrome-pyrope is usually reddish but some show a green hue. 
Hydrogrossular has a lower refractive index than any of the natural anhydrous 
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garnets while its cell edge is larger than that for the lighter coloured garnets. 
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PAMe LYONS VI GA Witt varitty Vi 


types, as ; well as being found i in some granites and pegmatites, acid volcanic rocks 
and kimberlites. As it is fairly resistant to abrasion and to chemicai attack it is 
often found in detrital sediments: the commonest detrital varieties are almandine 
and pyrope reflecting the preponderance of these species in metamorphic (and ig- 
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dividual species. The average proportions of the five major garnet molecules, as 
calculated by Wright (1938), are given in Tabie 51. 
Further attempts to equate garnet compositions with paragenesis have been 


reported by Troger (1959) and by Sobolev (1965a). 


Table 51. Average proportions of the five major garnet molecules in different rock types 
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Granites 56'8 _ _ 36°0 

Contact-altered 56-4 _— _— _— 30:7 
siliceous rocks 

Biotite schists 72-0 — 6:0 13:8 — 

Amphibole schists 53°6 — 20°7 20°3 — 

Eclogites 18-5 _ 39-1 37°4 _— 

Kimberlites and 13°4 _— 9:0 72:3 —_ 
peridotites 

Various basic rocks 34°4 15°6 8:7 20°7 —_ 

Calcareous contact — 40°8 §1°5 — — 


rocks 
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Chemistry 

The magnesian garnet pyrope is not found in a pure state as a natural mineral, 
but when it occurs as the dominant molecule in garnets they normally also con- 
tain appreciable almandine and small amounts of the grossular molecule. The 
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chrome-pyropes (Table 54, anals.1-5); analyses of 30 garnets in which pyrope is 
the dominant molecule but which are relatively poor in chromium are given in 
Table 52, arranged in order of decreasing pyrope content. For these chrome-poor 
pyropes one of the richest in pyrope on recalculation is that of anal. 1 (Table 52) 
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contains 73:8 per cent pyrope. The pink primary garnet of a pyrope-spinel 
(aikremite) xenolith from Moses Rock dyke, Utah, has been reported to contain 
MgO 23-38 per cent with only minor chromium (Padovani and Tracy, 1981). 
With the advent of electron microprobe techniques which are well suited to the 
analysis © or f garnets (determining all the major constituents except f for the propor- 
tion of Fe.0;), combined with the petrological and economic interest in 
peridotites and kimberlites, numerous collections of analyses of pyropes have 
been published recently. Following the compilation of Sobolev (1964a) with some 
150 pyrope analyses from the literature, more modern data include the 50 
analyses of pyrope from kimberlite (Reid and Hanor, 1970), 39 analyses of pyrope 
from Chinese ultramafic rocks (Zhang and Yang, 1979), 17 analyses of pyrope 
from diamondiferous eclogites (Reid ef a/., 1976) and 16 analyses of pyrope from 
Norwegian eclogites (Lappin and Smith, 1978). Several papers deal with the com- 
positions of pyrope in nodules and xenoliths in kimberlites and peridotites, e.g. 
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(1973), Sobolev et al. (1973), Rost et al. (1975), Nixon et al. (1978), Boyd and 
Meyer, (1979) and others referred to in Tables 52 and 54 or in the text. Sobolev 
(1964b) demonstrated that the average composition of 53 garnets from 
kimberlites and 89 garnets from peridotites and other ultrabasic rocks was nearly 
identical at approximately Py69—70Alm, 5*6~166 sSPo -6UTO4 “0-46 3And, 02-405 
Uvar,.s (see also Frantesson, 1970). A detailed statistical study on 352 garnets 
from kimberlites and associated xenoliths by Dawson and Stephens (1975, 1976) 
classified the chemical composition of such garnets into 12 groups (Table 53); 
their MgO-FeO-Ca0O diagram is shown in Fig. 246. The chemical composition 
of eclogitic garnets has been studied by Coleman et al. (1965) and Knauer (1975). 

Although older chemical and many microprobe analyses do not report Na2O 
in garnets, Sobolev and Lavrent’ev (1971) determined sodium in 124 garnets from 
diamonds, xenoliths of peridotites, eclogites from kimberlitic pipes and 
metamorphic complexes and found that (with a detection limit of 0°01%) Na,O 
ranges 0°01-0°22 per cent; the amounts are highest in the garnets of diamond- 
bearing eclogites and in orange-coloured garnet occurring as inclusions in dia- 
mond (0°:09-0°22%) compared with 0:01-0:06 per cent in garnets from eclogites 
of metamorphic complexes. It was suggested that this isomorphous substitution 
of sodium is related to a CaAl = NaSi type replacement. 
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0-021 0-052} 0-010 
4/178) 4:114] 4-042) 
1-027 1-296 1-159] 
0-048 Is 38 0-046 6 01 0.0546 09 
0-724 | 0°555| 0-837 
16:3 20°8 16°8 

— 2°3 —_— 

8:0 6°6 10°3 
70°6 69:1 68-2 

_— O4 _ 

0°8 0:8 0-9 

4:2 — 3:8 





* Includes Zn 0-004. 


- 1 Pyrope, garnet - ilmenite nodule, Excelsior kimberlite pipe, South Africa (Boyd and Dawson, 1972) (Includes 


Na20 0°06). 
2 Purple gem garnet pebble, Umba River, Tanzania (Jobbins e¢ al., 


(Includes ZnO 0:04). 


en + . : antie ferri aniharn BAc tye er 1074 
3 Uarnel, pyroxenic eclogite, Cerin, southern Moravia (KOKta and Nemec, 1950 


for six wavelengths). 


4 Garnet, peridotite 


anal.). 


Ine Arami 


Gre, Fee AE 


i, Ticino, Switzerland (Ernst, 


1978) Ginc 
1978) Gane 


* 


1978). Anal. P. H. A. Nancarrow 
) (includes H,0 6-02; aiso n 


ludes Na2O 0:03; electron microprobe 


§ Orange pyrope, Kimberly Pool, Kimberly region, South Africa (Grattan-Bellew, 1966) (includes NazO 0:09, 
K,0 0-01, P205 0:20). 
6 Garnet, garnet lherzolite, Monte Duria, Lepontine Alps, southern Switzerland (Evans and 


Trommsdorff, 1978) (includes Na2O 0:02) 
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Table 52. Pyrope Analyses - continued 






































7 8 9 10 11 12 
SiO, 41°23 41°45 40°99 41°32 41:35 41°52 
TiO: 0°62 0°51 0-12 0°42 tr 
Al,O,; 22°78 23°50 23°33 23°75 23°59 23°01 
Cr,0; 0°03 — 0°75 — <0°07 0:22 
Fe,0; 0°40 0°76 — 0°94 — 1:22 
FeO 10°30 10°08 11°38 9°20 11:99 12°86 
MnO 0°32 0°33 0°26 0°26 0°29 0°33 
MgO 18°36 18°80 17°76 17:91 17°76 16°64 
CaO 5:39 5:09 4:95 6°77 4:93 4°71 
Total 99°45 100°52 99-68 100-29 [100-33] 100-67 
n — 1:74] — 1-739 1:750 1:750 
D — 3°72 — 3:70 3°72 3°782 
a(A) — 11-536 — 11°543 11°54 — 
Numbers of ions on the basis of 24 O 
Si 5940]. 5-g98|_ 59241. 5-gos]_— 5-925|_ 5-980. 
Al 0-060 | ©°™ 9-102 f° 0-076) °% 0-102) © 0-075)°% 0-020] 6 
Al 3-808 | 3839 | 3-898 | 3-894 | 3-909 | 3-886 | 
Cr 0:003 — 0-086 — — 0-025 
Fe?* 0-043 [3°92 9-081 [3°98 — +98 0-101 Hao — Ha-9s 0-132 (4°04 
Ti 0-067 | 0-055 — | 0-013 | 0-045 | — 
Mg 3-942 | 3°986 3-825 | 3°810 | 3°793 | 3°572 | 
Fe** 1:241 . 1:199 | 1375 |. 1-098 1-437 | 1°549 
Man 0-039 6 95 9-040 [5° 9-032 t6 00 0-031 is 97 9035 Le 02 9-040 15-89 
Ca 0-832 | 0:776 | 0:767 | 1:035 | 0757 | 0:727 | 
Mol per cent end-members 
Almandine 18:0 19°3 22°0 17°5 22°6 26°3 
Andradite 1-1 11 — 2:3 — 3°4 
Grossular 13-0 11:0 10°7 15°0 12°8 8:3 
Hydrogrossular _ —_ _ _ _ _ 
Pyrope 67°1 67°0 64°5 64'5 64:0 60°7 
Schorlomite — 0:9 — 0:2 _— — 
Spessartine 0:7 0-7 0°5 0°5 0°6 0:7 
Uvarovite 0°1 —_ 2:2 —_ — 0°6 
7 Red pyrope xenocrysts, Elie Ness vent, Fife, Scotland (Colvine, 1968) (includes NiO 0-02). 
8 Wine-red pyrope xenocryst, volcanic breccia, Kakanui, New Zealand (Mason, 1966). Anal. H. B. Wiik. 
9 Garnet, websterite, Beni Bouchera massif, Morocco (Kornprobst, 1969) (includes Na2O 0°19, K,0 0°01, P20s5 


0:05, H,0* 0°01). 

10 Garnet, fassaite eclogite xenolith in basic pipe, Delegate, New South Wales, Australia (Lovering and White, 
1969) (includes K2O 0°02). 

11. Pyrope (Runciman and Marshall, 1975). 

12 Garnet, eclogite, Rodhaugen, Almklovdalen, Sondmore, Norway (Eskola, 1921). Anal. P. Eskola (includes 
H20 0°16). 
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Table 52. Pyrope Analyses - continued 
































13 14 15 16 17 18 
40-40 40-99 40:7 40°28 41-4 41-50 SiO, 
0-01 0-19 0-03, 0-06 0:06 0-08 TiO, 
22°60 22:44 23-0 23°26 23-3 22°35 Al,0; 
0-19 0-01 0-06 — 0-01 — Cr,05 
2°50 1:41 — 0°67 0°21 0:95 Fe,0, 
13-40 12:78 17°6 17:92 11°8 14:56 FeO 
0-17 0:12 0-6 0:74 0°31 0-29 MnO 
16-10 16:16 15-9 15-73 15-1 14:82 MgO 
4:90 5°59 2-0 1:20 7-6 5:36 CaO 
100-40 99-69 99-89, 99-93 99-82 100:36 Total 
_— — 1:756 — — 1:7542 n 
_ _ 3-861 3-849 _ 3-786 D 
_— _— 11-497 11-501 _— 11-543 a(A) 
5-883] 6-00 5-969| 6-00 5-969 | 6:00 992 begg 6°03 6-011 Si 
0-117 0-031) 0-031] 0-079 _ _ Al 
3-762] 3-821] 3-945 | 3-951] 3-982 | 3°816] Al 
0-022 0-001 0-007 | ,. — |... 0:001 |. — |, Cr 
0:274[46 9-155,400 is 96 oor 03 9.923 4! 9-104 [3°93 Fe** 
0-001 | 0-021 | 0-003 | 0-007 | 0-007 | 0-009 | Ti 
3-494] 3-507] 3-475] 3-446] 3-263 | 3-199] Mg 
1-632 1°557 2:159|, 2203 |. 1431 |. 1:764 |. Fe?* 
0-021 Ls 91 9-015 5°95 9.075 Is 02 9-092 r 93 9-038 Is 91 9-036 I 83 Mn 
0:765} 0-872 | 0-314 | 0°189 | 1-181 | 0°832] Ca 
27:2 26:2 35-3 37-1 24:2 30°3 Almandine 
7-0 3-9 — 1:9 0°6 2-7 Andradite 
5°4 10°7 5*1 1:3 19°4 9-9 Grossular 
— — —_— — — 1°6 Hydrogrossular 
59:4 58-9 58-2 58-2 55-2 54:9 Pyrope 
— — — — — —_— Schorlomite 
0-4 0-3 1:2 1°5 0°6 0°6 Spessartine 
0°6 —_— 0:2 — _— — Uvarovite 





13. Garnet, orthopyroxene eclogite pod, on shore 150m N. of Selje Kirke, Grytingvaag, Selje, western Norway 
(Lappin and Smith, 1978) (includes NiO 0°01, Na2O 0°12). 

14 Garnet, pyrope-titanolivine rock, Kokchetav massif, USSR (Dobretsov and Sobolev, 1970). Anal. I. K. 
Kuznetsova 

15 Rose-red rhodolite, pebble in river gravel, Umba, Tanzania (Zwaan, 1974). 

16 Purplish-pink rhodolite, quartz-mica- garnet schist, Macon Co., North Carolina (Howie, unpublished). 
Anal. J. N. Walsh (includes Na2O 0°06, K20 0°01). 

17 Garnet, eclogite in laminated amphibolite, Oetztal Alps, Tirol, Austria (Miller, 1970) (includes Na2O 0:03). 

18 Garnet, pyroxene- garnet rock (bronzitic pyropite), Sittampundi complex, Salem district, Madras, India 
(Subramaniam, 1956). Anal. E. K. Oslund (includes H,0* 0°36, H2O™ 0°09). 
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Table 52. Pyrope Analyses - continued 















































19 20 21 22 23 24 
SiO, 40-18 40°8 39:3 39-7 40°71 37°49 
TiO, 0-14 0-34 — 0-03 0:08 0°12 
Al,O; 22:90 21°8 23-4 22:7 22-31 21:03 
Cr,0; 0°27 0-08 — 0-03 — 0°39 
Fe,0; 0-85 — — — 1:31 412 
FeO 15-89 18-1* 23-0* 21-9% 16°49 18-46 
MnO 0:37 0:35 0-2 1°6 0°33 0°54 
MgO 14°31 12:7 12:5 12°6 12-03 11-42 
CaO 4°86 5-23 1:8 1-8 6:77 5:92 
Total 99°77 99:49 100-2 100-36 100°35 99-67 
n 1:752 — — 1:769 1-7615 1:770 
D — — — 3-908 3°835 3-94 
a(A) 11-534 — — 11-509 11-556 11-567 

Numbers of ions on the basis of 24 O 
Si 5921 |... 6-078 | 58831, ., 59411... 5995]... 57281, 
Al 0-079}; °~ —~ | 0117} °°~ 0-059 ]°™ 0-005] °*~ 0-272 | ° % 
Al 3-898 | 3-828 | 4-012 | 3-945 | 3°868 | 3°515 | 
Cr 0-031 | ,,, 0:009|,.,, — 0004 |... — ay 07047 | |. 
Fe** 0-094 14°04 _ 3:88 t— _ 395 o145 74°02 9.474 }4-05 
Ti 0-016 | 0:038 | — | 0-003 | 0-009 | 0-014 | 
Mg 3143 ] 2:820 | 2:789 | 2°810 | 2:640 | 2-600 ] 
Fe?* 1-958 2:255 2°879 2-741 2-031 2:359 
Mn 0-046 [>°7! o-044 [5°95 0-025 [5°98 0-203 £4 0-041 [s-78 0-070 | 6:00 
Ca 0-767 | 0835 | 0-289 | 0-289 | 1-068 | 0-969 | 

; Mol per cent end-members 

Almandine 33-1 35-7 47°3 44-4 35° 36°6 
Andradite 2°4 — — — 3°8 12:1 
Grossular 9:8 14:3 49 4°8 13°6 3°3 
Hydrogrossular — — _ — 1-1 — 
Pyrope 53° 49-0 AT-4 47°3 45-7 45:3 
Schorlomite — —_ —_— _— — 0:2 
Spessartine 0°8 0°8 0:4 3°4 7 1-2 
Uvarovite 0°8 2 — 01 — 1:2 





19 Garnet, garnet- hornblende clinopyroxenite inclusion in diatreme, 23 km WSW of Gloucester, New South 
Wales, Australia (Wilkinson, 1974). Anal. G. I. Z. Kalocsai. 

20 Garnet inclusion in diamond, kimberlite, Mir pipe, Yakutia, USSR (Sobolev e¢ a/., 1971) (includes Na2O 
0:09). 

21° Garnet, rim to quartz, talc- garnet - kyanite- quartz schist in eclogite terrain, western Tasmania (Raheim and 
Green, 1974a). 

22 Rose-red rhodolite, pebble in river gravel, Umba, Tanzania (Zwaan, 1974) (Microprobe anal.). 

23 Garnet, hornblende- garnet - plagioclase rock (eclogite gabbro), Sittampundi complex, Salem district, Madras, 

24 Red pyrope-almandine, garnet - amphibole pyroxenite, 600 yards SW of Leverburgh Post Office, South 


Harris, Outer Hebrides (Livingstone, 1967) (includes Na;O 0°12, K;0 0:06). Anal. A. Livingstone. 
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25 26 27 28 29 30 
39-68 39-29 40°33 40°76 38-97 39-25 SiO, 
0-10 0-05 0-26 0°30 0-06 0-15 TiO, 
21°41 22°12 20:74 22:76 19°36 22-09 Al,O; 
— — 0-04 tr. 0-10 0:03 Cr,0; 
0-71 0:73 2:28 1-71 4:47 1:19 Fe,0; 
20°75 19°63 17°66 7°86 18°23 18-21 FeO 
0°67 0°38 0-43 0:27 0:39 0-62 MnO 
11-66 11°48 10°89 10°57 10°39 10°32 MgO 
48 6°16 7-08 15°85 7-46 8-07 CaO 
99-58 99-87 99-88 10008 99-69 99-95 Total 
_ 1:7658 1:770 1-742 1-751 1-762 n 
_— 3°877 3°88 — 3-880 3-858 D 
11°55 11-580 11°585 11-653 11°5817 11°583 a(A) 
6-003 | 5-915 | 6-063 | 5-962 | 5: ‘956 | 6-00 914 | Si 
— | 0-085 {00 = _ 0:038 | 9-044 | 0-086 | 6°00 Al 
3818 | 3°840 | 3675 | 3°886 | 4 ua] 3°837 | Al 
— |, 00051... — (4, 0°012 oe Cr 
0-081 I 91 9.983 Ls ‘93 9.258 L397 0-188 Ls MW 9.514 F398 o-135 73°%9 Fe* 
0-011 | 0-006 0-029 | 0-033 | 0-007 | 0-017 | Ti 
2°624 | 2°576 | 2°440 | 2:304°] 2-367 | 2:317 ] Mg 
2-625 2-472 2-220 0:961 2-330 2-295 Fe?* 
0-086 be 06 0-048 Lo: 09 9-055 Ls: "86 9-033 Ls 78 0-050 Ls: ‘97 9-079 5-99 Mn 
0-726 | 0-994 | 1-140 | 2-484 | 1-222 | 1-303 | Ca 
41-2 38:8 37°9 16°6 39:0 376 Almandine 
2:1 2°1 6'6 49 *12°9 3°1 Andradite 
10:3 14:7 12°8 38:1 70 18°6 Grossular 
_— _— _ _ 0°3 — Hydrogrossular 
44:9 43-6 41-7 39°8 39-7 39-1 Pyrope 
_— — — _— — 03 Schorlomite 
1°5 0°8 0:9 0°6 0-8 1:3 Spessartine 
_— —_ 01 — 0:3 0°1 Uvarovite 


25 Pyrope-almandine, kyanite-staurolite- phlogopite - anthophyllite - garnet - sapphirine rock, Grengy, 
northern Norway (@stergaard, 1969). Anai. i. S@rensen (includes P20; 0°12). 
26 Garnet, porphyroblasts (up to 90 cm across) in gabbro near syenite intrusion, Gore Mountain, Essex Co., 


New York (Levin, 1950). Anal. S. B. Levin (includes H,07 0°03). 


27 ‘Bright-red garnet, garnet granulite xenolith in basic pipe, Delegate, New South Wales, Australia (Lovering 
and White, 1964). Anal. A. J. Easton (includes Na2O 0:08, K,0 0:05, PO, 0°04). 

28 Orange pyrope, kyanite eclogite xenolith, Zagadochnaya kimberlite pipe, Yakutia, USSR (Sobolev ef ai., 
1968). 

29 Garnet, porphyroblasts in garnet-clinopyroxene-andesine gneiss in cataclastic amphibolite, Kumamato 
Prefecture, Japan (Miyachi, 1969) (includes Na20 0:05, K20 0:02, H20° 0:06, H,0° 0:03, P20s5 0-10). 

3O Garnet, garnet -clinopyroxene granulite, Jijal complex, Kohistan, NW Pakistan (Jan and Howie, 1981) 


(includes Na2O 0°01, K20 0°01; V 218 p.p.m.). 
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Table 53. Suggested Names for Garnets in Groups Defined Statistically by Dawson and Stephens 


Group Suggested Mean Vaiues of Critical Oxides Occurrence 
Name Used in Classification 
(wt %) 
TiO, cr,0; FeO MgO Cad 
i Titanian pyrope 0°58 1°34 9°32 20°00 4°82 K, GL, GOW, D 
2 High-titanium pyrope 1:09 0:91 9°84 20°30 4°52 K 
3 Calcic pyropealmandine 0-31 0°30 16°49 13°35 6°31 K, GL, GOW, 
EC,D 
4 Titanian, caicic, 0:90 0°08 17°88 9°87 9°41 K, EC, D 
magnesian, almandine 
§ Magnesian almandine 0°05 0°03 28°33 7°83 2°44 K, EC,D 
6 Pyrope-grossular- 0°24 7 10°77 10°38 14°87 GP, EC, GR 
almandin 
aimanaine 
7 Ferro-magnesian 0°29 11°52 5°25 8°61 21°60 K,GS 
mvarnuita_arnceular 
urarvr tere wooulal 
8 Ferro-magnesian 0°25 0:04 6°91 4:69 24:77 GR 
arocenlar 
5! wuooUusa 
9 Chrome-pyrope 0°17 3°47 8:01 20:01 5°17 K, GL, GOW 
GH,EC,D 
10 Low-calcium 0°04 7°73 611 23°16 2°13 K,GS, D 
chrome-pyrope 
11 Titanian uvarovite- 0°51 9°55 7:54 15°89 10°27 K, GL, GW, D 
pyrope 
12 Knorringitic 0°18 15:94 7:47 15-40 9°51 K,GS 
uvarovite-pyrone 
Note. — K = kimberlite, GL = garnet therzolite, GH = garnet harzburgite, GD = garnet dunite, GW = garnet 


wehrlite, GS = garnet serpentinite, “GOW = garnet-olivine websterite, GP = garnet pyroxenite, GR = grospydite, 
EC = eclogite, D = diamond inclusion. Italicized occurrences are the more important. 


Duirthar analecac Af pyrope from anladg ites (the maiority nwt them Asam 


A ULILLIVI allalyovs Vi pyivype il CLIUBILY o> (lll uv lajvurl ly Ui Ulieili Ullal i0fi 
bearing) have confirmed that they typically contain small but significant amounts 
of sodium (Na2O 0:07-0°15%) and also phosphorus (Reid ef a/., 1976). Thomp- 
son (1975) noted that garnets synthesized at high pressures (19-45 kbar) from 
various starting materials contain up to 0°4 wt. per cent Na2O and up to 0°6 wt. 
per cent P,O;, and suggested that a coupled substitution of Na and P for Ca and 
Si may be favoured by increasing pressure and that in the upper mantle 
phosphorus may be contained in a sodic garnet. Reid et a/., however, showed that 
Na in diamondiferous eclogites has a positive correlation with Ti, but concluded 
that some of the phosphorus (P20; 0:04-0:11 wt. %) may also be associated, giv- 
ing Na 2 Ti + P (see also Koritnig, 1965; Némec, 1971; Bishop ef al/., 1978). 
Chemical analyses of 50 dominantly pyrope garnets from Yakutian kimberlites 
were assembled by Evkokimov and Bagdasarov (1979); Bagdasarov et al. (1980) 
showed that garnets from diamond bearing rocks are located mainly along the 
pyrope-almandines9 pyrope-knorringiteso series cutting across the compositional 
fields of other types of garnet. 

The trace element contents of 53 pyropes from kimberlites were determined by 
Fesq et al. (1976); whereas the purple chrome-pyropes have high scandium and 
low rare-earth contents, the orange pyropes have lower scandium values (40-85 
p. p. m.) and higher contents of rare earths (e.g. Yb 8 and Lu 1°7 p.p.m.). 

rAatarem: 


the Lien hkael: hal kha 
Previously the rare-car th contents of tnr ee kimber 1ite pyropes naa o¢€én aetermin- 


ed as 2°5-4:3 x 10°? per cent (Nekrasova and Gamyanina, 1969), with Yb 
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Fig. 246. MgO-FeO- CaO diagram (weight %) for garnets from kimberiite and associated xenoliths 
in groups defined statistically (after Dawson and Stephens, 1975): see Table 53. 


amounting to up to 25 per cent of the total rare earths in one sample from the Mir 
pipe, and with Tb + Y amounting to 97 per cent of the rare earths in another Mir 
pyrope (see also Reid and Frey, 1971; Mitchell and Carswell, 1976). T he pyrope 


of Table 52, anal. 8, was shown to be relatively enriched in the heavier lan- 
thanides (Mason and Allen, 1973). The partitioning of rare earths in pyrope does 


not follow Henry’s law, possibly due to RE occupying two crystallographic posi- 
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tions (Harrison and Wood, 1980). The distribution of individual trace elements 
in a zoned almandine-pyrope from a Norwegian eclogite was studied by 
Bollinberg and Brynhi (1972) who found that the pyrope rim (Pys7Alm27Groj.) is 
richer in Ni (17 p.p.m.), Co (124 p.p.m.) and Cr (429 p.p.m.) than the more iron- 


rich core by a factor of about two in each case. The contents of V, Co, and Znin 


Wiese es ee We 


four analysed pyropes were reported by Jobbins eft al. (1978); see also Barker 
(1964a). The distribution of eight transition elements between garnet and coex- 
isting clinopyroxene in lherzolite nodules in kimberlites was studied by Shimizu 
and Allégre (1978), and U in garnets from lherzolites ranges from 0-07 to 0°5 


p.p.m. (Carswell and Rice, 1980). Zoning in pyrope is revealed most clearly by 


ofthe Ser CLS PRES CSS AR 4, mre Seti 825 Pe ed ee 


the variation in the concentrations of CaO, MgO, Al,O; and Cr,03; Sobolev, 


Khar’kiv ef al. (1972) have analysed ten oxides in seven successive zones of a 
pyrope from kimberlite of the Mir pipe. 


Chrome-pyrope. Pyrope garnets containing appreciable chromium have long 
been known to occur in kimberlites, but more recently it has been recognized that 
their Cr2O; contents may range fairly commonly up to 8 per cent with examples 
known containing as much as 18°9 per cent Cr.0;. Many such garnets have a 


quiriii Drewes 


characteristic greenish violet or purple hue and their common association with 
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diamond-bearing kimberlites is considered to justify the name chrome-pyrope for 
this variety. Numerous collections of garnet analyses report such garnets, e.g. 
Sobolev (1964a), Sobolev et a/. (1969), Gurney and Switzer (1973), Dawson and 
Stephens (1975), Mitchell (1979); analyses of 24 chrome-pyropes are given in 


Tahle $4 arranged in arder af derreacina cantant anf the nurane malacinle all hau_ 
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ing 2 4 per cent of the uvarovite (or knorringite) molecules. The composition and 
homogeneity of 10-15 grains each of chrome-pyrope in four garnet iherzolite 
nodules from Thaba Putsoa kimberlite, Lesotho, and Monastery mine, South 
Africa, were determined by electron microprobe analyses by Boyd and Finger 


(1975); the results were in satisfactory agreement with previously n 
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mineral compositions (Nixon and Boyd, 1973). 

An earlier report of a magnesium- chromium garnet from Hanlé monastery in 
Kashmir was interpreted by Fermor (1952) as indicating the presence of the 
Mg;Cr.2Si3;0,2 molecule, which was termed hanléite; but the analysis was later 


shown to he in error and the material to be uvarovite (Sastri, 19632). The recoeni- 


DAW VV ER UL UF AAR WEE WE GEAAUS LEEW AEA CW REVOLVE LIE UE dy ATV Ze SAY AUN Bede 


tion of a garnet from the Kao kimberlite pipe in Lesotho which contains a large 
proportion of the Mg3;Cr2Si;0,2 component (Tabie 54, anai. 22) has, however, 
led to the reinstatement of this molecule as a valid garnet end-member compo- 
nent, now called knorringite (Nixon and Hornung, 1968). The Kao pyrope con- 


tains 33°7 per cent knorringite and a Hhilac-colonred garnet from an inclusion in a 


type Ila diamond (Table 54, anal. 20) has 44:6 per cent knorringite with 48-7 per 
cent of the pyrope molecule. 

Several authors have demonstrated a relationship between Cr and Ca in 
chrome- -pyrope. Sobolev ef a/. (1968) noted that the green garnets of grospydite 


xenoliths in the Zagadochnava kimherlite pipe, Vakutia are relatively rich in Ca 
sew AW EEEAED AAS LAE Ls4p OuMvwssssreayu AN £44807 WA AW Fr rvY A UMN, umusaw awstavwsiy aawasn S48 NOs, 


being essentially (Mg,Fe,Ca)3;Al,Si;0,2 in composition, but also have Cr2O; 
1-4-5-9 per cent; there is aiso a systematic relationship between the Ca contents 
of these Zagadochnaya garnets and the Na content of the coexisting pyroxenes. 
Green chromium-rich garnets have also been described from the Newlands 


kimberlite, Cape Province, South Africa, but these are uvarovite-pyrope in com- 
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position, i.e. considerably ticher i in calcium (see Table 62, p. 645, anals. 10, 11). 
in addition to the chrome-pyrope analyses in Tabie 54, a peridotite xenolith in 
kimberlite from the Bultfontein Floors, Kimberley, South Africa, has been found 
to contain a garnet with Cr2O; 5°64, MgO 20:2, CaO 4°91 per cent (Aoki, 1975). 


Maonecitnm-rich§ calcium-noor. nvyrones occur in the heavy mineral caoncen- 
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trate of the Finsch kimberlite pipe, South Africa, some of these garnets having 
sufficient Cr,03 to be comparable with the chrome-pyrope found as inclusions in 
diamond (Gurney and Switzer, 1973); analyses of 35 Finsch garnets gave CaO 


contents of 3°74-0°27 wt. per cent (the latter value being noted as the lowest 
value reported for a pyrope) with a Cr.O; range 9:52-3:01 wt. per cent. In the 
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common xenocryst and peridotite xenolith garnets of the Finsch pipe, however, 
the chromiferous lilac garnets have high Ca contents (for five such garnets, CaO 
ranged 5°89-7°61 and Cr2O; 9°15- 13°55 per cent, with a tendency for Ca to in- 
crease with Cr). From the kimberlites of Yakutia, Sobolev et al. (1973) reported 


analvses of 39 garnets: all the garnets constitute a continuous series in resnect of 
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both Ca and Cr, from 0°69 to 26" 0 per cent CaO and from 6° 56 to 18:9 per cent 
Ca-poor (< 10% Ca component) chrome- _pyropes, chrome-pyrope with moderate 
to high Ca-content (16-43% Ca component), and chrome-rich Ca-garnets (> 


§0% Ca component); the Ca- poor pyropes are related to a dunitic paragenesis 
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without clinopyroxene whereas. the garnets rich in Ca are related to a paragenesis 


Garnet Group: Pyrope 


Table 54. Chrome-pyrope Analyses 
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1 2 3 4 5 6 

SiO, 43-25 41°40 42:29 41:90 40°35 42:58 
TiO, 0:03 0°42 0-05 0-17 0-03 — 
Al,O; 22:43 20-00 20°29 21°44 21°68 21:77 
Cr,03 3°13 3-85 3°94 4:21 4:42 2:52 
Fe,0; — — 0°61 1:35 0-00 0°77 
FeQ 5°13* 7:50 6°58 4:79 7:02 6:90 
MnO 0°17 0:34 0°03 0:30 0-41 0°32 
MgO 24-69 21°50 21:91 23-91 21-06 21-02 
CaO 1:28 4°50 417 1:58 5°49 4:34 
Na,O — 0-12 0°10 _ _ — 
K,0 — 0-01 0-04 — — 

100°11 100°28 100-01 99:65 *100°38” 100:22 
n _ 1:747 — — _ —_ 
D — _— — _ _— _ 
a(A) — 11-535 11-530 — — — 

Numbers of ions on the basis of 240 
Si 6-003 | 5936 | «4 6'009 | 59001, 5758 1, 6015 | 
Al _ 0-064 J — | — o-100f © o-242 FOO _ 
Al 3°670 | 3-319 | 3°398 | 3°458 | 3-405 | 3-625 | 
Cr 0:343 L ny 0°437 [4.0 0°443 |... 0-469]. 0:499 9 0°281 
Fe?* _ F402 “7 £380 o.965 13°91 oy43 14°09 73°91 o-gg> 73°99 
Ti 0-003 | 0:045 | 0:005 | 0:018 | 0:003 | — 
Mg 5-107 | 4:597 ] 4640] 5-017 | 4-479 | 4:425 ] 
Fe?* 0°596 5, 0°900 L cana 0°782 0564} .. 0838 |... O815 |. 
Mn 0-020 [>°9! o-o41 [© 3" 0-004 FF 0-036 [58 0-050 [°2! 0-038 £94 
Ca 0-190 | 0-692 | 0-635 | 0°238 | 0°839 | 0-657’ | 

Mol. per cent end-members 
Almandine _ 7:2 7°8 _ 6°83 13°7 
Andradite — — — — — 2°1 
Blythite _ _ _ _— — — 
Grossular 6°6 0°6 _ 49 1°6 1:9 
Hydrogrossular — _— _— — — — 
Knorringite 5°7 — 05 8:0 — — 
Pyrope 84:0 80°1 79°1 78°6 77°8 74:6 
Schorlomite — _ — — 
Skiagite — — 1:7 3°7 _ — 
Spessartine 0-4 0-7 0-1 0°6 0°8 6 
Uvarovite 3°3 11°4 10°9 41 13-0 71 
* Includes Ni 0-071. 


jo 


South Africa (Gurney and Switzer, 1973). 


Lilac-coloured, low-calcium pyrope, Finsch kimberlite pipe, 23 miles east of Postmasburg, Griqualand West, 


2 Garnet, eluvial deposit from kimberlite, Mbuji-Mayi, Kasai, Zaire (Tarte and Deliens, 1973) (includes NiO 


0°62, P20; 0°02). 
3 Pyrope, China (Computing Group, efc., 1977). 
4 Garnet, garnet peridotite xenolith in kimberlite pipe, Matsoku, Lesotho, southern Africa (C. 


Dawson, 1970). 


rswell and 


5 Chrome-pyrope, kimberlite, Somerset Island, North West Territories, Canada (Mitchell and Fritz, 1973). 


6 Garnet, garnet websterite, Ugelvik, Ottery, western Norway (Carswell, 1973); cf. anal. 11. 
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Table 54. Chrome-pyrope Analyses - continued 
7 8 9 10 11 12 

SiO, 41:11 42:0 41-42 41:90 42°32 41°5 
TiO, 0°27 0°04 0:28 Oil 0°00 0-16 
ALO; 21°50 21:0 19:97 16°92 21:09 19°] 
Cr,0; 2:77 4°54 §°20 7°52 3°72 5°55 
Fe,0; 1°37 — 1°31 1:24 0°73 — 
FeO 7°55 6'75* 561 6°17 Tl 8:30* 
MnO 0°37 0°38 0°36 0°59 0°42 0°59 
MgO 20:57 20°8 20°62 19°64 19:20 19°3 
CaO 4°64 4°74 5:07 6°27 5:03 5°55 
Na,0 0:14 0-00 0°03 — 0:06 — 
K,0 0:07 — tr — 0°07 —_ 

100-61 100-25 99°93 100:36 99°95 100-05 
n 1°747 — 1-756 1:758 —_ — 
D — _— — 3-715 — — 
a(A) _ — 11°559 11°565 — — 

Numbers of ions on the basis of 24 O 
ae 2.902.) e.ace | e.nazc 7 nen | vi onen | 2onane 7 
Si 5853 1 .. 5965 |... 5°926,,,, 6°052 6°052 5°997 | 
Al 0-147 | © 9.935 [6° o.974 [5°00 t _ I 0-003 f6 00 
Al 3°461 | 3-480 | 3°294 ] 2°881 | 3°555 | 3-250 | 
C312 | 5.95 0510 Ly 2588 | gg O89 | gg OMA! | 5g 068 | oy 
re Vlei _— vu 141 Volo VvVuUl?s —_— 
Ti 0-029 | 0:004 0:030 0-012 | — | 0-017 | 
Mg 4365 | 4-403 | 4°397 | 4228] 4:092] 4156 | 
Fe’* 0°899 0°802 | 0:671 0°745 0°850 | 1003 
Mn 0-045 [92 o.946 [5°97 o:944 5°89 9.972 £92 9-051 5°76 9-072 16°09 
Ca 0°708 0°721 0°777 0°970 0-771 | 0°859 | 
Almandine 13-5 13:3 10°4 0-4 14°8 11°3 
Andradite 3-0 — — _— 2°0 — 
Blythite — _— — — — — 
Grossular — — — — 0-4 a 
Hydrogrossular 0°5* _— — — — — 
Knorringite — 7 1°8 5°8 — 1-6 
Pyrope 73°8 73-1 72:9 71-2 71:0 70°8 
Schorlomite 0°5 — — — — _— 
Skiagite — —_— 1-0 3°7 — — 
Spessartine 0°8 0°8 0:7 173 0:9 1:3 
Uvarovite 7:9 12:1 13-2 17:7 10°9 15:0 


> Includes 0-2 ‘hydroandradite’. 





7 


Deep red pyrope, Stockdale kimberlite, Riley County, Kansas (Brookins, 1967). Anal. H. Asari. (Includes 
P20; 0:02, CO2 0:06, CO2 0°01, H20* 0°12, H2O™ 0:04.) 

Garnet lamellae exsolved in orthopyroxene, kimberlite, Bultfontein mine, South Africa (Dawson et al., 1980). 
Electron microprobe anal. 

Garnet, garnet harzburgite, kimberiite pipe, South Africa (O’Hara and Mercy, 1963). (inciudes C 
NiO 0:02, P20; 0°035.) 
Chrome-pyrope, serpentinized nodule 
Hornung, 1968). 

Gem quality pyrope, garnetiferous peridotite, Uglvik, 3 km NE of Misund, Ottergy, near Modle, western 
Norway (Hysingjord, 1971) (includes H20 0°15, V205 0°05). 

Garnet exsolved in orthopyroxene, kimberlite, Wesselton mine, South Africa (Dawson ef al., 1980). 


aft fm: 
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meng kimberlite pipe, Lesotho, southern Africa (Nixon an 
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Table 54. Chrome-pyrope Analyses - continued 
13 14 15 16 17 18 
41°33 41:9 41°47 41:9 41°8 41:2 siO, 
0-28 0:04 0-28 0°09 0-04 0°46 Tio, 
21-83 17:3 18°41 20-0 15:2 16°9 Al,O; 
1:73 9-2 6°85 5-49 i2-1 78 Cr,03 
1:44 0°44 0°52 _ — — Fe,0; 
9-00 5+1 6°81 7°78* 6°74* 7°6* FeO 
0°44 0°31 0°33 0°52 0°25 0°43 MnO 
19°60 24-3 19°39 18°4 23°2 14°7 MgO 
4°40 1:29 6°06 6°17 0:98 11°7 CaO 
_ — — 0-05 — 0-14 Na,O 
— — — — — — K,0 
100-05 99:90 100°12 100:48 100°31 100-93 
— — — — — 1:772 n 
_ _ — — = _ D 
— — — — — ~ aA) 
Numbers of ions on the basis of 24O 
5919 | 6 59751 gon 5°984] c.g 67016 6-020 6-040 Si 
0-081 f° 0-025 f 9-016 f° _ _ _ Al 
3-604 | 2°883 | 3-115] 3-385] 2°580 1] 2°920 | Al 
0-196 | oq 1037/4, 0-781 | 0-623 | 1-378 | oc 0°904 Cr 
0-030 0-004 | 0-030 | 0-010 | 0-004 | 0-051 | Ti 
4:184) 5-164] 4170] 3-937) 4:980) 3°212 1 Mg 
1-078 | ..o, 0°608|..., 0822 L 07 0°934 0-812 0-932 | .. Fe?* 
0-053 1 °°99 9-037 Ls 01 9-040 5°97 0-063 5°88 9-030 5°97 0-053 [9% Mn 
0:675 | 0:197 | 0°937 | 0:949 | 0°151 | 1-838 Ca 
Mol. per cent end-members 
17:4 — 8°5 15-9 — 11:0 Almandine 
3°4 _— —_ — _— _ Andradite 
_— 0:3 — _— 0-2 _ Blythite 
2°5 _— _ 02 — 8-4 Grossular 
_ _ _ _ _— — Hydrogrossular 
—_ 24:9 41 _— 37:2 _ Knorringite 
70°3 69°9 68°8 66'9 59°6 56:0 Pyrope 
0°5 —_ _— _ _ _ Schorlomite 
— 1-3 1‘5 — _ _ Skiagite 
0:9 _ 07 1-1 — 0:9 Spessartine 
49 3°6 16°4 15°9 29 23°6 Uvarovite 
13 Garnet, garnet peridotite xenolith in kimberliite pipe, Matsoku, Lesotho, southern Africa (Carswell and 


Dawson, 
1975) (inc 
1977). 
Andrews, 


ff qanansay 
ai., 


Claret_red chrome-ovrorne inchisio 
Qnarer-fea Cnrome-pyrOope z 


19/5). 


Garnet, Mir kimberlite pipe, Yakutia, USSR (Khar’kiv, 1975). 


1970). 


in 
MIVIMOIVEA 


ludes V203 0°02). 


1975). (Includes NiO 0°08.) 
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Pyrope, serpentinized dunite, Staré borehole T-7, Ceské Strédohori Mountains, Bohemia (Fiala and Padéra, 
Purple garnet, garnet peridotite, xenolith in kimberlite, Pyramidefjeld, southwest Greenland (Emeleus and 


Violet, low-calcium knorringitic pyrope, kimberlitic concentrate, Udachnaya pipe, Yakutia, USSR (Sobolev et 
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Table 54. Chrome Pyrope Analyses - continued 
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20 21 22 23 4 
41-4 40°87 39°92 39°3 41-0 
0-08 0-06 O11 0-15 0-02 
1} 22:05 9°74 8°34 14°4 
15°9 1:15 17°47 18-9 12°6 
—_ — 1:20 — — 
6:18 15-00* 6°53 6'62* 6-11" 
0°23 0-69 0-60 0°33 0:28 
23+1 1131 16:97 15-2 23-6 
2:24 9°44 8:14 11:3 1:74 
— O00 — — — 
— 0-00 _— _— _— 
100-23 100°57 100-68 100°14 99°75 
1-790 — 1-803 — — 
_ — 3-756 — _ 
— — 11-659 _ — 
Numbers of ions on the basis of 24 
6065 | 6:030 | 6-007 | | 5-970 | 
—f Ff Ff I 0-030 
1-917] 3-835 | 1-728 | 1 2-4421 
1842 Lon 0-134 3.98 2078 L595 81 1451 5-90 
0-009 | 0-007] 0-012 | 0-002 | 
5-044 1 2:487 1 3-806 | 4 5°1231 
0-757 L a 1851 | 0-822 | | 0-74 | 
0-029 FO!8 o-o86 15°92 o-076 FOO2 o-043 F921 -035 FO !7 
0-352 | 1-492 | 1-313 | | 0-271 | 
Mol. per cent end-members 
at.4 7:7 
— 3 °3 — — f f 
0-2 — 0-6 0-3 — 
— 21°8 — _ — 
6 — 33-7 29°6 32°4 
48°7 42:0 37°4 35°4 54:7 
— — 3-8 _— _— 
— 1°5 _ _ 0°6 
6°5 34 24:5 34:7 4°6 


w © 
oo 


i3 Pyrope (microprobe anai. of seven grains), eclogite xenolith in kimberlite, Roberts Victor mine, South Africa 


(Reid et al., 1976). 


samewe Sena 


Microprobe anal. 
21 Garnet lamella in clinopyroxene, peridotite, Mount Higashi-Akaishi mass, central Shikoku, Japan 
(Yokoyama, 1975). 
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and Hornung, 1968). Anal. G. Hornung. 


1092) AAiasnnronhe anal 
AFF}. IVMVIVPUUD Glia. 


Lilac knorringite-nvrone, inclusion in type Ha diamond, Yakutia 
rringite-pyrope, type Ila diamond, Yakutia 


Chrome-pyrope, inclusion in diamond, Ghana (Meyer and Boyd, 1972). 


1969) 


srs; 


Bluish green knorringitic pyrope, kimberlite concentrate, Kao kimberlite, Lesotho, southern Africa (Nixon 


Moderate-calcium chromian magnesian garnet, kimberlite, Dalnaya pipe, Yakutia, USSR (Sobolev er ai., 


Garnet Group: Pyrope $11 


without enstatite. Cluster analysis of 352 garnets from kimberlites and associated 
types allowed recognition of 12 chemically coherent groups on the basis of TiO, 
Cr203, FeO, MgO and CaO contents (Dawson and Stephens, 1975); four of these 
groups are relatively rich in Cr,O; but differences within these four can be clearly 


resolved by using the other oxides. The relevant four groups are groups 9- 12 of 
Table 53. 
— fr —- L a seme lene lot ee Wancac users 


Forty-one samples from the Stockdale kimberlite, Kansas, were divided into 
two main series: one showed a wide colour range from pale orange to dark violet 
corresponding with 0°2 to 13 wt. per cent Cr2O3, while the other was characteriz- 
ed by light pink or red colours and Cr2Q; values below 2°5 wt. per cent but with 
TiO, greater than 0°5 per cent (Brookins, 1967; Meyer and Brookins, 1976). 
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Garnets are among the commoner inclusions found in natural diamonds. 
Meyer and Boyd (1969) noted two distinct groups, the one with a characteristic 
claret or pale purple colour being Cr-rich and Ca-poor and referred to as chrome- 
pyrope while the other group is pale orange to brown and Cr-deficient but con- 


tains abundant FeO and CaO and is in the pyrope-almandine range. Represen- 
tative analyses of both groups are presented by Meyer and Tsai (i9 76), including 
that of Table 54, anal. 24, with 12°6 per cent Cr,0;. Figure 247 shows analyses of 
garnet inclusions in terms of variation in their Cr.03, Al,03, MgO, FeO and CaO 


contents: there is a marked difference between the chrome-pyrope garnets with 


high MgO/(MgO + FeO) and low CaO/(CaO + MgO), and the eclogitic garnets 
with very low Cr 20;/ (Cr 20; + Al,03). Further examples of garnet inclusions in 
natural diamonds were described by Sobolev, N.V., et a/. (1969), see Table 54, 
anal. 20, Meyer and Svisero (1975), Sobolev and Botkyanov (1971), Prinz et al. 


(1975), see anal. 14, and Pantales ef a/. (1979). Although the yellow-orange 


garnets from diamonds contain appreciable ‘Na,O, the chrome-pyrope inclusions 
™ contents mL NN NMA ne As 


in diamonds were found to have Na2O contents of 0°01 -0°03 per cent (Sobolev ef 


al., 1971). 
The concentrations of minor and trace elements in purple and red chrome- 
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Fig. 247. Compositions of garnet inclusions in terms of variation of Cr,03;, Al,Os, MgO, FeO and 
CaO. Cr -pyrope garnets from kimberiite concentrates are included in ultramafic xenouth suite garnets 


(open circles) (after Meyer and Tsai, 1976). 
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pyropes from 17 South African kimberlite pipes have been tabulated by Fesq et 
al. (1976). The purple chrome-pyropes have relatively high Sc (90- i20 p.p.m.) 
and the red (80- 100 p.p.m.) compared with values of 40-85 p.p.m. in the orange 
Cr-poor pyropes, Whereas the values for Yb and Lu are lower in the chrome- 
pyropes (Yb 0°7-3°5, Lu 0°3-0°9 p.p.m.) compared with up to 8 and 1:7 p.p.m. 
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respectively in the orange pyropes. ‘The. contents of transition elements in ten 
chrome-pyropes were determined by Shimizu and Allegre (1978). 

The colour of chrome-pyrope has been discussed by a number of authors and 
has been used as an indication of the probable chemical composition. Thus 
Gurney and Switzer (1973) sorted individual garnet grains from the Finsch 


kimberlite pipe into eight categories and found that the | lilac garnets were those 
with the highest chromium contents. Most chromium-bearing silicates are green, 
but some chrome-pyropes demonstrate a change of colour from greenish to red- 
dish violet in response to a change in illumination from daylight to incandescent 
light; this was noted by Fiala (1965) for some Czech chrome-pyropes (see also 
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Neuhaus, 1960), and by Hysingjord (1971) for a gem | Pyrope with Cr203 3°72, 
V2.0; 0:05 (Table 54, anal. 11) from Otter@y, Norway. The latter material was ex- 
amined in detail by Carstens (1973) who found green, violet, and red pyrope 
among the Otter@y garnets, the green having Cr.0O; 6:2, the violet Cr.O0; 3-7 and 


the red Cr,Q; 1°5 per cent, concluding that red garnets become green when the 


CO Wioty3 2 9 Per Cent CONCIUGITIE Ulat rCU Bal licts DECOM Bicer 
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crystal-field parameter Ao ‘for substitutional Cr’ decreases below 17200 cm 
corresponding with a Cr-O distance @ 1°970A. A thermochromatic effect in 
chrome-pyrope was noted by Yeremenko and Polkanov (1972), who found that 
pyrope with Cr,O; 2°5-7:0 per cent showed a change from reddish violet to grey 


and then green on heating; the more chrome-rich pyropes changed colour at 


ese fffse or eNte MSS BSR eslls fiw esi sri Nerilé wed go wpes Sle Ww ERS 


around 150 °C whereas those containing 3 per cent Cr,0; change at around 
375°C. These authors considered that the ‘alexandrite’ effect due to change in il- 
lumination rather than temperature appears at Cr,O; > 4 per cent. 

The absorption spectra of several chrome-pyropes were studied between 2 500 


and 250nm by Amthauer (1976) and interpreted on the basis of the crystal-field 


mene SST ws Gls 225008 


theory. Small expansions | in the structure due to increasing amounts of Cr cause 
a red shift of the two Cr>* maxima from red to reddish violet and violet. An in- 
crease in the Fe?* content gives an increase in the red portion of the pyrope col- 


Our. 


> x diti 
dex, cell size, and density, Nixon and Ho ornune. "(196 
change in colour from purplish re lilac to a greenish hve 

A magnesian garnet found in nature so far only in meteorites is majorite, the 
name being applied to a mineral with the garnet structure and with essential Si in 


octahedral coordination but with the overall composition close to that of or- 


thopyroxene. The original material described by Smith and Mason (1970) i is cubic 
with a 11°54A and occurs as microscopic purple grains, the analysis of which can 
be formulated as (Mg2.9sNao.10)(Fe: -02Al9.23Cro.02Sio.78)S13012 assuming Fe?* 
or as (Mg2.9sNao-10)(Feo.97Alo.22Cro-03Si0-62)Si3O12 if the iron is taken as Fe°*. 
Pale yellowish brown matorite with a 11°543 A and a bronzitic composition near 
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Mgs(Feo. soMgo. 11Cao.osMno. 035i. o1)Si3012 has been described by Coleman 
(1977). Coiourless majorite (MgO 29°05, FeO 12°91, SiO, 55°91%) has been 
reported from shock-produced veins in the Tenham chondrite (Price eft a/., 1979). 
Ahrens and Gaffney (1971) reported that the formation of majorite from 


enstatite requires dynamic pressures of at least 135 kbar. 
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Garnet Group: Pyrope $13 


Cation Distribution 


Garnet-clinopyroxene. A statistical study of the Fe- Mg distribution between 
pyrope-rich natural garnets and their coexisting clinopyroxenes assuming a 
binary ideal solution between pyrope and almandine was reported by Saxena 
(1969b); (see also Dahl, 1972). The influence of temperature on the partition 


enafficieant far avchanage annilthria heatween nurnne_clinnanurnvenese naire can hea 
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demonstrated by a combination of data for natural assemblages from lherzolite 
nodules in kimberlites (Boyd and Nixon, 1973; see also Boyd and Nixon, 1975; 
Hearn and Boyd, 1975) with experimental data using a spinel lherzolite as the 
starting mixture (Hensen, 1973). Variation in pressure seems to have only a slight 
effect whereas the K,{p* — temperature plot shows a linear relationship between 
950 and 1420°C (Fig. 348) suggesting it represents a potential geothermometer, 
with particular reference to high-temperature, high-pressure ultrabasic rocks. 
The variation found in the content of the grossular molecule in pyrope garnet is 
also shown on this diagram. The distribution coefficients for Fe?*/Mg and 


RAn /A haty ate nd clinanurnve fra at Thargniitac 
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enclosed in Norwegian gneisses equilibrated at depths greater than 70 km indicate 
that they may have crystallized at 800-1020°C at 22-37 kbar, i.e. at slightly 
lower temperatures than for xenolithic garnet Iherzolites in kimberlites (Carswell, 
1974). 


Th influence afi wr 
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garnet and clinopyroxene was studie y Wood (1976) using mix- 
tures of natural diopsidic clinopyroxene and pyrope; the results are shown 
diagrammatically in Fig. 249. The Ca contents of the garnets produced are vir- 
tually independent of pressure and temperature; see also Kretz (1978). However, 
microprobe analyses of coexisting garnet and clinopyroxene crystallized ex- 
perimentally from compositions within the system CaO-MgO-FeO- Al20;- 


SiO, in the range 750-1300 °C and 24-30 kbar led Ellis and Green (1979) to con- 
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Fig. 249. KSUCPX as a function of pressure at (a) 1100°C, (b) 1300°C and (c) 1400°C. Dashed 
curves are fr rom m the data of Raheim and Green (1974b); solid curves are for the calculated pressure 
dependence of K,, (after Wood, 1976). 
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Ca-content and apparently independent of the Mg/(Mg + Fe) content of the 


garnet and clinopyroxene. In terms of pressure, tempera ure, and the mol. per 
cent grossular component (X&), the empirical relationship deriv ved is 
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T(°K) = [3 104.X8! + 3 030 + 10:86 P (kbar)]/ (£nK, + 1:903 4). 


Studies of the distribution of trace elements between pyrope and silicate liquid 


or other silicate phases include the experimental work on Ni (Mysen, 1978a) and 
the rare earths (Mysen, 1978b, 1979; Harrison, 1978); for Ni, Mysen (1978a) ob- 
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tained a distribution constant Kye Lig of 5:1. For natural pyrope- clinopyroxene 
pairs from garnet Iherzolite nodules in kimberlites, the distribution of the transi- 
tion elements has been studied by Shimizu and Allégre (1978) who found that the 
distribution of manganese between garnet and clinopyroxene could well be an ex- 
cellent geothermometer/geobarometer; the distribution of vanadium also shows 
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good correlation but scandium appears to be insensitive to varying P and T. 

In an investigation of the partitioning of Sm** between garnet and melt in the 
two systems grossular-H,O and pyrope-H.0, Harrison (1979) found that at 30 
kbar, the partition coefficient for grossular/melt for a given temperature is five 


times greater than for pyrope/melt. 


For cOexisting magnesian garnets and the more omphacitic pyroxenes typical 
of eclogitic rocks, systematic variations in the Fe’*/(Mg + Fe’*) ratios have been 
noted by Evans (1965), Banno and Matsui (1965), Kushiro and Aoki (1968) 
Dobretsov et a/. (1975) and Desmons and Ghent (1977). By plotting the Fe?*/(Mg 


+ Fe?*) ratios of the coexisting garnets and clinopyroxenes of eclogites from low-, 
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intermediate- and high-pressure environments (Fig. 250) Banno (1970) has shown 
that the apparent distribution coefficient K = (Fe/Mg)“'/(Fe/Mg)©™ decreases 
with increasing temperature; see also Lovering and White (1969) and Irving 
(1974). 


An experimental study of the dependence of this Fe- Mg partition coefficient 
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“ws 
using a mineral mix and glasses of tholeiitic composition with 6°2 < 100 Me’ (Mg 
+ Fe’*) < 93, was made by Raheim and Green (1974b). K,%’CP* decreases with in- 
creasing temperature, and ina plot of In Kp v. 1/7°K a single straight line is defin- 


ed by the linear relationship 
K, = 4 639/ T(°K)-2 418 (at P = 30 kbar) 
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Fig. 250. Fe-Mg distribution between garnet and clinopyroxene for low-temperature eclogites, am- 
phibolite facies terrain eclogites and eclogite inclusions in kimberlite (after Banno, 1970). 


which gives the temperature of equilibration for an eclogite assembiage crystalliz- 
ed at 30 kbar. Kp also increases with increasing pressure at constant temperature, 
and using Fig. 271 p. 557, the temperature of equilibration of the pyrope-om- 


nhacitic garnet assemblage mav be obtained. nrovided the K. value is known and 
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a pressure estimate can be provided. For a suite of 26 eclogites from Bavaria, 


Knauer (1975) has reported the relations between Fe, Mg and Ca in garnets and 


omphacites. 

A detailed study of the Mn-Mg distribution between coexistin pyrope and 
clinopyroxene in lherzolites led Delaney et a/. (1979) to suggest a new distribution 
coefficient based on the reaction: 

Mn,)Si20¢ + CaAl, SiO. + MgAl, SiO4 = CaMgSi20. + 2MnAl, SiO4 

rhodonite grossular pyrope diopside spessartine. 

The reaction was calibrated against temperature determined from two indepen- 


dent geothermometers, the garnet - olivine geothermometer of O’ Neill and Wood 
(1979) and the Wells (1977) modification of the two-pyroxene geothermometer, 
and shown for most specimens to be sensitive to within +50 °C in the range 
900 °- 1300°C. In Fig. 251 the equilibrium constant K derived from the above 
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is plotted against the temperatures derived from the Wells’ thermometer, giving 
10°/T = 1:1638 InK + 10°663. This distribution coefficient appears independent 
of pressure within the uncertainty of the available data, and provides a potential 
geothermometer for use with garnet lherzolites and possibly eclogites. 

The Fe-Mg partition coefficients between pyrope-almandine and biotite, 
hornblende, cordierite, staurolite, etc. have been studied by various authors, but 
almost entirely using samples relatively rich in the almandine molecule (see 
p. 548). The Fe- Mg partition between pyrope and olivine has been discussed in 
the section on olivine (p. 64); it has been studied experimentally by Oka (1978) 


and by O’ Neill and Wood (1979). 
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Fig. 251. Ln K GuCox versus Wells’s (1977) two-pyroxene temperature. Circles, garnets from |her- 
zolites; crosses, experimental data, with P denoted in kbar by the small two-figure numbers (after 
Delaney et al., 1979). 


Experimental Work 


Pyrope was first synthesized by Coes (1955) who reported that the best reaction 
mixture consisted of kaolin, Si02, MgO and MgCl,, with which the optimum 
conditions for the production of pyrope were 30000 atm and 900 °C; thus of the 
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five common garnets, pyrope requires the highest pressure for its formation. The 
specific heat and other thermodynamic parameters of natural pyrope were 
calculated by Kolesnik ef al. (1977). The stability field at high temperatures in the 
anhydrous system MgO-AI!,03;-SiO, was determined by Boyd and England 


(1959: 1962: see also Ostrovsky, 1979) and extended to lower temperatures and 


(1959; 1962; see also Ostrovsky and extended to lower temperatures 
pressures by Schreyer (1968); see Fig. 252. Boyd and England reported the 
breakdown of pyrope at high temperatures but low pressures to aluminous 
enstatite + sapphirine + sillimanite, and at lower temperatures to chlorite + talc + 
yOderite or chlorite + talc + kyanite. Schreyer (1968) found that, in the presence 


of water, at about 900°C the main breakdown assemblage was enstatite + corun- 


dum (possibly a metastable substitute for a sapphirine + Al,SiO; assemblage) and 
concluded that about 15 kbar is the minimum pressure for the formation of 
pyrope. Ostrovsky calculated that at the very high pressures and temperatures of 
the lower mantle, pyrope should be more stable than the perovskite-type phase of 
MgSi0Q;. The pyrope grown at the lowest temperatures (800-850 °C), however, is 
a hydrogarnet. Schreyer and Seifert (1969) reported that direct and complete syn- 
thesis of euhedral pyrope in the presence of water is rapidly achieved at near 25 
kbar and 1000°C; the starting material was the low-pressure assemblage cor- 
dierite + spinel + forsterite crystallized from glass of pyrope composition at 1 
atm, This synthetic pyrope has a 11°464 A, n1-70S, 


Aksbae SEARS GY set eeweaw pry ave sao we aa 


The breakdown of sapphirine toa pyrope- corundum- spinel assemblage at 
high pressures has been established by Ackermand e/ a/. (1975) to occur between 
800°C at 22 kbar and 1350°C at 30 kbar; the reaction chlorite + corundum = 


pyrope + spinel + H,O was also studied and found to have a very steep and pro- 
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Fig. 252. Stability fields of pyrope and sapphirine + Al-enstatite + sillimanite for Mg,A!,Si,0,, 
composition (after Boyd and England, 1962). 


é 
a 
) 
3 
eo 
4 
-” 


ive SiOpe. i nese 
assemblage chlorite- spinel- corundum - pyrope- sapphirine- H 20 at 800+15°C 
and 22+1 kbar. 

The stability of coexisting pyrope + quartz was determined experimentally by 


Hensen and Essene (1971) with respect to aluminous enstatite + sillimanite + 


anarty (Big 9652) A clane anf 16 har/Ol at 1400 °C and 1N har/9O at INNNO ic 
quartz (rig. 255). A SiOpe OF 15 Da&r/ © at ana iv Oaf/ \ at ryuuyv w& 15 


estimated. At between 1050 and 1100°C the curve is intersected by the 
kyanite-sillimanite phase boundary; the calculated slope of the reaction 
aluminous enstatite + kyanite = pyrope + quartz is negative and about 18-25 
bar/°C. 


pyrope + quartz 


P (kbar) 
a 
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1 000 1 200 1 400 


Fig. 253. Pressure- temperature diagram for pyrope + quartz composition. Numbers and contours 
indicate the measured Al-conent (mol. %o) of aluminous enstatite (after Hensen and Essene, 1971). 
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The negative free energy of pyrope was determined (Saxena, 1981) as 
4870 kj/moile at i200 °K, falling to © 431i kj/moie at 1600 °K. The iow- 
temperature heat capacities of synthetic pyrope and pyropeso grossulars9 were 
considered by Haselton and Westrum (1980) to be anomalously high due to the 


unusually large ght- fold coordination of Me?* in garnet 


weasel eetas 7 eee we eee Sea sswee 


Pyrope-enstatite. The pyrope-enstatite system has been investigated by Boyd 
and England (1964); the temperature and pressure dependence of the equilibria 
are illustrated in (Figs. 254 and 255). There is no discernible solid solution in 


pyrope i in this system, the solid solution being limited to alumina in enstatite: thus 
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the reaction is aluminous enstatite > less- aluminous enstatite + pyrope. Figure 
256 indicates how the miscibility gap between enstatite and pyrope widens with 
increasing pressure. The system enstatite- pyrope was also studied by MacGregor 
and Ringwood (1964) using natural enstatite and chrome- -pyrope from a garnet 
peridotite (Fig. 257); thus if the Al,O; content of an enstatite is known, it would 
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appear that the conditions of formation of a natural enstatite- pyrope assemblage 
can be estimated. The univariant high-pressure reaction 


RAR~ A! « SRA GC: LV —m RAR Al OC; LY ARAR O27 
MgAl.,0,4 + ZIVEB29012U6 = WiP3A129130 12 TIVIB201U4 
spinel enstatite pyrope forsterite 


has been determined in the temperature range 900- 1100°C by Danckwerth and 


Newton (1978). The equilibrium pressure at 1000°C is 19°3+0°3 kbar, with an 
average dP/dT slope of 8:0 bar/°C, confirming the earlier results of Obata 
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Fig. 254. The enstatite- pyrope system at 30 kbar (after Boyd and England, 1964). 
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Fig. 255. Isotherms for the solvus Al,O,; in MgSiO; in the system MgSiO; -Mg;Al,Si,;0,, at 1100 
and 1600 °C (after Boyd and England, 1964; Boyd, 1970). 
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(1976). In reality the enstatite is aluminous to an extent which depends on 
pressure and temperature. Further work on the equilibrium crystallization of 
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Wood (1974), Akella (1976), and Howells and O’Hara (1978). The system 
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Fig. 257. The pressure dependence of the reaction Al-rich enstatite = Al-poo et for 


a natural enstatite and garnet at 1500 °C (after MacGregor and Ringwood, 1964). 
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enstatite + garn 


MgSiO; (enstatite) - Mg3Al,Si3;0;2 (pyrope) has been studied at high pressures 
(100-300 kbar) by Liu (1977) who showed that pyrope has a wide stability field 
and transforms to an ilmenite-type structural modification of the same 
stoichiometry. 

Subsolidus phase relationships to pressures of 15-27 kbar for natural garnet 
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clinopyroxenite, garnet - plagioclase. clinopyroxenite and a_= spinel- garnet 
websterite occurring as xenoliths in the Delegate basaitic breccia pipes, southern 
New South Wales, were determined experimentally by Irving (1974). For the 


spinel- garnet websterite the texturally implied exsolution of garnet and ortho- 
pyroxene from clinopyroxene, and the reaction of spinel with clinopyroxene 
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to give garnet, are interpreted i in terms of approximately isobaric cooling of a pre- 
existing aluminous clinopyroxene-spinel aggregate (Fig. 258). Melting ex- 
periments on natural spinel or garnet lherzolites were reported by Mysen and 
Boettcher (1975), in which the pyrope content of the garnets produced increased 


with pressure The general coincidence of the upper pressure stability of am- 
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phibole and lower pressure stability of garnet together with the negative correla- 
tion between the Ca content of these two phases, suggested a reaction relationship 
between them. As in all the peridotite minerals recrystallized in these ex- 
periments, the Cr content of the garnet seems to increase with the degree of 
melting and possibly with 1 increasing pressure. An experimental determination of 
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the spinel peridotite to garnet peridotite inversion using natural pyrope 
(PyssAlm,gsGrogAnd3Sp,Uv,) as starting material indicated the boundary at 
900~- 1000°C and 15-16 kbar respectively, the garnet crystallized having a com- 
position PygsGro,; (Jenkins and Newton, 1979). 


Experimental work on material with bulk compos ition having a Mg/(Mg + Fe) 
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ratio of 0:8 at 40 and 45 kbar crystallized at 1100 °C with H,O and excess SiO, 
gave subsolidus pyrope- orthopyroxene - clinopyroxene assemblages (Akella and 
Boyd, 1973). Determination experimentally of the crystallization sequences in 
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Fig. 258. Experimentally determined subsolidus phase relationship for a spinel- garnet websterite 
(after Irving, 1974). 


olivine-rich nephelinitic and basanitic compositions under dry conditions at 
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together with clinopyroxene, accompanied by depletion of the Ca content in the 
more undersaturated rocks (Bultitude and Green, 1971). Such fractionation could 
be significant in generating kimberlitic liquids from parental olivine- melilite 


nephelinites. 
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amit Crile Vi prlosusre Yar t 


with diopsidic clinopyroxene and magnesian orthopyroxene in the system 
MgsSi0O;- CaSiO;- Al,03 was studied by Kushiro et a/. (1967), who found that in 
the range 18-96 kbar and at temperatures between 1390 and 1600°C the garnet 
coexisting with clinopyroxene becomes more pyrope-rich with increase of 
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temperature at constant pressure; the pyrope content in the garnet ranges up- 
wards from 81 mol. per cent at 71 kbar at about 1400°C. 

The melting relations of an average Lesotho kimberlite composition were in- 
vestigated at 30 and 55 kbar by Eggler and Wendlandt (1979) who found that the 
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carbonate + phlogopite + vapour melts at 1075 + 25°C at 30 kbar and 1225 + 
25°C at 55 kbar. At 30 kbar garnet is consumed immediately above the solidus 
but at 55 kbar it persists well into the melting range. 

The use of simple mixing models of garnet and orthopyroxene solid solutions 
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equilibria to more complex Ca- Fe-bearing systems. It had previously been shown 
garnet in natural (multicomponent) systems are much poorer in Al,O; than pure 
Mg2Si.0.¢-MgAl,SiOg pyroxenes formed under the same conditions. Thus 
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pyrope activity in the garnet solid solutions, allowing equilibration pressures of 
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natural garnet-orthopyroxene assemblages to be calculated, provided 
temperatures are known. A thermodynamic geothermometer based on Ca-Mg 
exchange reactions involving coexisting garnet - orthopyroxene pairs was derived 
by Powell (1978), calibrated principally against the experimental data of Akella 
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pyroxene- garnet granulites from Scourie was reported by O’Hara and Yarwood 
(1978), and Howells and O’ Hara (1978) have shown that the solubility of Ai,O; 
in enstatite is a great deal lower than hitherto reported, leading to pressure 
estimates from the garnet- orthopyroxene geobarometer which are too high at 


hich tea mperature {> 1200 °C) and too low at low temperatures KRe/Ma nartiti an. 
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ing between pyrope and cordierite and the metastable univariant reaction of Mg- 
cordierite to pyrope + sillimanite + quartz have been studied by Newton and 
Wood (1979); for hydrous Mg-cordierite this reaction takes place at about two 
kbar greater pressure at around 7'5-9 kbar over the range 600- 1000°C. 


Pyrope-diopside. The join pyrope (Mg3Al,Si3;0,;2)- diopside (CaMgSi20O«¢) has 
been investigated at atmospheric pressure (O’ Hara and Schairer, 1963) and at 30 
kbar (O’ Hara and Yoder, 1967); the latter authors also conducted experiments at 
30 kbar on the joins pyrope-chrome-diopside and pyrope-chrome- 


dionside—olivine using analvced minerals from a garnet neridotite nodule in 
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kimberlite. The pyrope - diopside join has also been studied at 5 kbar P,, ,. (Yoder 
and Dickey, 1971) and 10 kbar (Yoder, 1970); the join at 10 kbar is relevant toa 
wide range of metamorphic rocks and that at 30 kbar is pertinent to the eclogites. 


A study of this join at 40 kbar (Davis, 1964) (Fig. 259) and of the pyrope- diop- 


side- forsterite system at 1 atm and 40 kbar (Davis and Schairer, 1965) are of 
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relevance to the phase relationships in garnet peridotites: see also Ford (1976) and 
Herzberg (1978). 
The effect of pressure on the composition of pyrope-rich garnet coexisting 


with diopsidic clinopyroxene and enstatite-rich orthopyroxene in the system 
MgSi0;-CaS10;- Al,O; was studied by Kushiro ef al, (1967) in the pressure 
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range 18-96 kbar and at temperatures ‘of 1390 - 1600 °C, The garnet becomes 
more pyrope-rich with increase of pressure up to about 70 kbar at constant 
temperature, and also with decrease of temperature at constant pressure; the 
pyrope content ranges from 81 mol. per cent at 18 kbar to 88 mol. per cent at 71 
kbar at about 1400°C. Thus the garnet in garnet peridotite would be expected to 
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Fig. 259. The diopside- pyrope join at 40 kbar (after Davis, 1964). 
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become richer in pyrope with increase in depth down to at least 200 km. In the 
system pyrope (70%) - diopside (30%)- water, the partition coefficients of rare 
earths between garnet and liquid were determined at 30 kbar and 1275°C by 
Shimizu and Kushiro (1975); the rare earths of larger ionic radii (the lighter rare 


earths) are more strongly reiected from garnet and are relatively enriched in the li- 
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quid. Pyrope/host partition coefficients for rare earths, Hf, Sc, Co, Cr and Th 
have been estimated for garnet megacrysts and their containing rocks 
(kimberlite); results agree with experimental data within a factor of 2 (Irving and 
Frey, 1978). The coefficients for almandine are up to a factor of 10 higher than 
those for pyrope. 


Pyrope-grossular. The join pyrope (Mg3Al12Si30;2)- grossular (Ca3Al2Si30 12) 


has been studied extensively. At atmospheric pressure this join is quaternary 
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(Chinner and Schairer, 1962) and is of ‘relevance mainly to igneous rocks - in- 
cluding garnet-bearing magmatic rocks found at igneous contacts. In the system 
CaO-MgO-AlI.,0;3-SiO2, the pressure at which the complete pyrope- grossular 
join is stable with quartz was estimated to be 41 kbar at 1200°C (Hensen, 1976). 


The Ca content of garnet in various divariant assemblages is relatively insensitive 
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to temperature but very sensitive to pressure; it is therefore a_ useful 
geobarometer. The pressure necessary for the formation of a garnet of composi- 
tion approximately PysoAlms 9 coexisting with calcic plagioclase in quartz- 
bearing rocks could be estimated as 8-10 kbar for temperatures of 700- 900°C. 


Values of the activity coefficients for garnets with 10-12 mol. per cent grossular 


had previously been obtained at 1000, 1100, 1200 and 1300°C at 15-21 kbar 
(Hensen ef a/., 1975); the data are consistent with a symmetrical regular solid 
solution model for pyrope-grossular. A scanning electron microscopy study of 
synthetic pyrope- grossular solid solutions at 1000°C and 35 kbar was reported 
by Wilken (1977); see also Bovd (1970) and Fig. 260; the miscibility gap appears 
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to be from 22 to 38 mol. per cent pyrope. A recent study of the pseudobinary join 
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pyrope-grossular at 30 kbar (Fig. 288, p. 612) has been reported by Maal@e and 


nan. 


Wyilie (1979). 
Approximate mixing properties of the end-member components of the quater- 
nary garnet solid solution, (Fe,Mg,Ca,Mn)3Al1,Si;0,2, were derived by Ganguly 


and Kennedy (1974) from data analvsis combined with experimental results. The 
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mixing of pyrope with grossular involves significant positive excess free energy of 


mixing, leading to a critical mixing temperature of 694 + 55 °C. The experimental 
data on the reaction pyrope + grossular > garnet,, set 750 °C as an absolute upper 
limit for the critical mixing temperature around 40 kbar. Similarly Newton et al. 


(1977) reported from thermochemical measurements that the pyrope- grossular 


wh saa 


solutions show positive enthalpies of mixing, but they predict an asymmetric 
solvus; for pyrope the heat of solution is about 27°7 7 kcal/g.f.w. (see also Charlu 
etal. 1975, and Cressey, 1981). 


Durnana_ almandina On the Min nurone (Me,Al,S1,0,>;)-alman ine 
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(Fe3 *AlSi3012) t ere is complete solid solution at abov e about 480°C. For ex- 


perimental work in the system Mg;3AlI2Si;0,2- Cr3Al2Si3;0,2 see the section on 
uvarovite. 
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2 
and Genschaft re 2), but the first fully substantiated synthesis of garnets in the 
solid solution es Mg3A128130,2-Mg3Cr2Si3;0,2, at pressures of 60-80 kbar 
and 1400-1500° C was described by Ringwood (1977). Cell parameters and 
Oo 


f the solid solutions vary linearly with composition within the 
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Si;0, molecule had bee ‘sported by Coes (1955) and by Bykov 
( 
ser 


refractive indices 
limits of measurement (Fig. 261). The garnets produced were deep green and 
isotropic; the properties for the knorringite end-member composition were given 
by Ringwood as a 11:600 A and n 1:83, both in good agreement with the earlier 


estimate of Sobolev et al. (1969) of a 11°62 A, n 1°82. 


Alteration. Retrograde changes affecting pyrope garnet may cause its 
breakdown to a mixture of hornbiende, piagiociase and iron ore, often in the 
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Fig. 261. Cell edges and refractive indices for pyrope-knorringite solid solutions (after Ringwood, 
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form of a light green kelyphitic intergrowth, or to a fibrous amphibole and green 
biotite; such retrograde metamorphism and alteration of garnet has been discuss- 
ed by Alderman (1936). This kelyphitization of pyrope chiefly occurs in eclogites 


and may involve reaction between the garnet and adjacent omphacite, the latter 
at the same time being replaced by a symplectic intergrowth of plagioclase and 
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diopside: at a more advanced stage the hornblende may be replaced by epidote 
and chiorite. The intergrowth of hornbiende, plagioclase and iron ore around the 
garnet may give a zonal or corona structure. The kelyphitization of pyrope to a 
clinochlore- talc- cordierite assemblage was considered by Yoder (1952) to repre- 
sent a change in bulk composition rather than a change in temperature or 


pressure conditions. 


Colour. Natural pyrope garnet is typically pinkish red, ranging from orange, 
through an almost crimson colour to a purplish red with increasing amounts of 


the almandine molecule. The clear blood-red varieties have been used as a gem: 
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the similarity in colour had led to some specimens being known as ‘ruby’, e.g. 
Cape ruby (from South African peridotites and kimberlites), Arizona ruby (from 
volcanic agglomerate in the Navajo Country), and Elie ruby (from a Fifeshire 


volcanic neck: Table 52, anal.7). The chrome-pyrope variety may be green to red- 
dish violet (see n 492). Rhodolite. a rhodoadendron-nink variety with Mo : Fe an- 
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proximately 2:1, is known from North Carolina and elsewhere (Trumper, 1952; 
Barker, 1961; Zwaan, 1974). 
A description of the physical properties of pyrope (refractive index, cell edge, 


density, etc.) is given in the general garnet section (see p. 484). 
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he 
ki mberlites and in ‘associated serpentinites, and m ma y be foun in the sands and 
gravels derived from such ultrabasic bodies, e.g. in South Africa and Yakutia. In 

eclogites the garnets vary in composition within the pyrope-almandine range, as 
do those of garnet amphibolites. The well-known Bohemian garnets of gem quali- 


ty are pyrope and occur in the debris of a basaltic breccia derived from a 


peridotite (Sykora, 1952). At Elie, Fife, red pyrope (Table 52, anal.7) occurs as 
xenocrysts in a vent agglomerate, possibly having been derived from an alkali 
basaltic magma (Colvine, 1968); see also Chapman (1976) and Forsyth and 
Chisholm (1977). 


Kimberlites. Garnet is one of the commonest minor minerals in kimberlite and 
is one of the most diagnostic tracer minerals used in prospecting for kimberlite. 
More than one variety of pyrope is found in kimberlite, indeed Dawson and 
Stephens (1975, 1976) have classified garnets from kimberlites and associated 


xenoliths into 12 chemically coherent crouns (p 504, Table 53). The two maior 
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types, however, are the orange-brown to red "Cr- -poor normal pyrope and the 
wine-red to purple chrome-pyrope (p. 505). The garnets typically occur not as 
primary kimberlite minerals but as rounded isolated megacrysts within the 
kimberlite matrix and in blocks or xenoliths of garnet peridotites, garnet pyrox- 
enites, and eclogites. These xenoliths have been corroded and partially 
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fragmented during their transportation from depth and presumably many of the 
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garnet megacrysts are derived from such fragmented xenoliths. The garnet 
megacrysts within the kimberlite matrix are often separated from it by a 
kelyphitic border, consisting of a rim of microcrystalline aggregates of spinel, 


phlogopite, amphibole, and chlorite that appears to have developed at the ex- 
pense of the garnet. Some of the brownish red high-titanium/low-chromium 
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pyropes in kimberlites are of a larger size and unlikely to have resulted from such 
xenolithic fragmentation (Boyd and Dawson, 1972). Aliso, as noted by Dawson 
and Stephens, some of these high-Ti pyropes are intergrown with magnesian il- 
menite, an assemblage not typical of peridotite, pyroxenite, or eclogite xenoliths. 
Xenoliths consisting of two-thirds pyrope (Py7;Alm, sGro3;-Py;,Alm, isGIO3;) 
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and one-third hercynitic spinel have been ‘described from "Bellsbank and 
Jagersfontein kimberlites, South Africa (Nixon ef ai., 1978); Ponomarenko 
(1977) has previously described such nodules from the Udachnaya kimberlite 
pipe, Yakutia, and given them the name alkremite. From the application of ex- 
perimental data and textural relationships, Nixon ef a/. concluded that this 


assemblage formed as early dense cumulates in aluminous mantle melts under 
restricted pressure conditions equivalent to about 75 km depth. 

The garnets of kimberlites and of their xenoliths have recently been discussed 
in some detail, e.g. by Grattan-Bellew (1966), Rickwood ef al. (1968) and 


Frantesson (1970), and in the nroceedings of several kimberlite symposia (e. g. 
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Nixon, 1973; Ahrens et al., 1975: Boyd and Meyer, 1979). Pyrope and its 
associated phases in the kimberlite breccia of Moses Rock dyke, Utah, were 
studied by McGetchin and Silver (1970) who showed that the garnet population 
was heterogeneous with both Cr-poor and Cr-rich pyropes present, the Cr-poor 
varieties showing affinities to those of eclogitic xenoliths. 
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Microprobe analysis of some 350 grains of garnet from the Dokolwayo 
kimberlite pipe, northeastern Swaziland, and from the Hiane palaeo-aiiuvial dia- 
mond deposits along the Swaziland- Mozambique border, showed them to be 
pyrope with CaO 4-8 per cent and Cr,O; 0°2 - 11 per cent, and confirmed that 


the latter deposits were derived from the Dokolwayo pipe (Hawthorne ef al., 


in the Thaba Putsoa kimberlite pipe, Lesotho, sheared garnet therzolite 
xenoliths have been recognized, and melting of this material under anhydrous 


conditions was shown to give liquids of quartz tholeiitic composition at 10-15 
kbar and olivine tholeiite at 20 kbar, at temperatures 20-50 °C above the solidus. 
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The unsheared granular garnet lherzolite from Bultfontein, South Africa, 
however, gave basaltic or picritic liquids (Kushiro, 1973), leading to the sugges- 
tion that the granular garnet lherzolite was depleted of basaltic components 


through partial melting in the mantle before its inclusion in the kimberlite, 
whereas the sheared garnet lherzolite is relatively undenleted (see also Boyd and 
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Nixon, 1975). The garnet lherzolite of Monte Duria in southern Switzerland con- 
tains a pyrope relatively poor in chromium (Table 52, anai. 6), and similar com- 
positions have been found for garnets in garnet lherzolite in the same nappe at 


Cima di Gagnone (Evans and Trommsdorff, 1978); the estimated conditions of 
crystallization are 800 + SO°C and pressures in excess of 20 kbar. In the Frank 
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Smith kimberlite, South Africa, both sheared and granular garnet lherzolite con- 
tain chrome-pyrope but individual garnet megacrysts are relatively chrome-poor 
(Boyd, 1974). The average composition obtained by Ernst (1978) for garnet from 


garnet lherzolite in five peridotite complexes in the western Alps is 


Py;,,.,Alm,..4Gro;7.,Uv;.;:Spz.; the use of various two- pyroxene geother- 
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mometers giving an average temperature of formation of these peridotites of 


700- 1070 + 90°C at around 40 + 10 kbar. 
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The kimberlite diatremes in the Front Range of Colorado and Wyoming con- 
tain a great variety of xenoliths and megacrysts ranging from garnet peridotites, 
garnet websterites, and garnet clinopyroxenites to individual garnet megacrysts: 


all of these garnets are pyropes, but again both Cr-poor and Cr-rich types are pres- 
ent (Eggler and McCallum. 1974). In the Stockdale kimberlite, one of six 
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kimberlite diatremes in Riley County, Kansas, similar variations are found and 
Rost et al. (1975) classified the pyrope into a series with up to 13 wt. per cent 
Cr.O3 and a second series with Cr,03 below 2°5 wt. per cent and TiO) greater 
than 0°5 wt. per cent; see also Meyer and Brookins (1971). In the Elwin Bay 
kimberlite, Somerset Island, in the Northwest Territories of Canada, xenoliths of 
both coarse garnet lherzolite (estimated from pyroxene compositions to have 
crystallized at 925-1085 °C at 39:5-49-°5 kbar) and porphyroclastic garnet lher- 
zolite (1090- 1180°C, 47°0-51°5 kbar) have been found (Mitchell, 1977). The 
megacrysts of red pyrope in the Elwin Bay kimberlite are relatively poor in 


chromium and hich in titanium: thev thus differ from those of the garnet lher- 
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zolite xenoliths which are typically purple chrome-pyropes, low in titanium (Mit- 


chell, 1978). 


Garnet pyroxenites. For the suite of garnet-bearing xenoliths in the Delegate 


hacaltic hreccia nines of canthern New Soanth Walec foarnet clinognvrovenite 
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garnet - plagioclase clinopyroxenite and garnet websterite), the experimental data 
obtained by Irving (1974) constrained the P- 7 conditions of their formation to 
13-17 kbar and 1050-1100°C, assuming that the suite formed together or at 


least equilibrated together (for which there is textural, chemical and isotopic 


evidence) Thece conditions wonld suggest an ori 
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depths of 45-70 km. 

Megacrysts of chromium-poor pyrope have been recorded in an alnoitic brec- 
cia from the Solomon Islands (Dawson et al., 1978); this pyrope can be matched 
with those from vents in East Fife, Scotland (Colvine, 1968; Chapman, 1976). 


Xenoliths of garnet pyroxenite with pyrope- rich garnet have been described in 


we Wrae rJ+ gag 


alkali basalt breccias in the Atakor volcanic area of Hoggar, central Sahara 
(Girod, 1967) and a pyrope pyroxenite associated with pyrope peridotite was 
reported interlayered in biotite-sillimanite- garnet gneisses of the Monts du 


Lyonnais, French Massif Central, where it was attributed to partial anatectic 


melting from nrimarv lherzolitic material. Garnet pyroxenite xenoliths are known 
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in the eruptive rocks of the Salt Lake Crater, Oahu (Beeson and Jackson, 1970) 
where they have been attributed to fractional fusion of mantle material, and 
garnet pyroxenite bands occur in the Beni Bouchera high-temperature high- 
pressure, alpine-type peridotite, Morocco (Kornprobst, 1966, 1969), where the 


garnets have a tynical pyrope-almandine composition nlottino with orouns A and 
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B of Coleman et al. (1965) and are low in chromium (e.g. Table 52, anal. 9). The 
evoiution of such garnet pyroxenites or garnet websterites has been further con- 
sidered by Herzberg (1978) who concluded that many of the clinopyroxenites pro- 


duced by total dissolution of exsolved garnet and orthopyroxene were 
transported 20-60 km up the mantle column before exsolution ended. which for 


ransported 20-60 km up the mantl e column before exsolution ended, which fo 
the Salt Lake Crater pyroxenites occurred at 1100- 1200°C and 15-24 kbar. 

In eastern Sabah, North Borneo, garnet pyroxenites occur as blocks in a slump 
breccia deposit of late Miocene age; their earliest formed minerals include 
pyrope-almandine garnet, tschermakitic augite, pargasite and rutile, and Morgan 


(1974) has shown that the bulk composition and mineralogy of thece rocks are 
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similar to those of garnet pyroxenite lenses in ultramafic rocks; estimated P- T 


conditions of origin are 850 + 150°C and 19 + 4 kbar. Lens-shaped masses of 
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garnet pyroxenite along the margin of the Red Mountain pluton, Alaska, consist 
of pyrope-almandine-grossular garnet with a clinopyroxene rich in Ca- 
Tschermaks molecule and these rocks are considered to have equilibrated in the 
solid state at 1100-1300 °C, 15-20 kbar, suggesting an upper mantle origin 
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described from an epidote amphibolite in central Shikoku, Japan, and consists of 
alternate mafic and felsic layers. Yokoyama and Mori (1975) considered that all 
the garnet grains of the spinel-bearing rock were reaction products, the garnet be- 
ing found at the boundaries between spinel and pyroxenes, between two pyrox- 
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garnet were estimated to be 500-600 °C and 7-13 kbar (on the basis of mineral 
parageneses and solubilities of CaO and AI2O; in the pyroxenes). 

A garnet-amphibole lherzolite containing pyrope-almandine garnet with up to 
16°41 per cent MgO from the Rodel area of South Harris has been reported by 
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nearby metagabbro- anorthosite complex. The majority of the lherzolites in the 
area are spinel-amphiboile lherzolites and these rocks may thus have been 
metamorphosed on or very close to the P- 7 boundary separating the spinel and 
garnet lherzolite stability fields (O’Hara et al., 1971). Pyrope-rich garnets in 


Maldanuhian sarnet nuroyvenitec in Anectria were deccrihed hu Cecharhert (10720 
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b); these rocks are closely associated with garnet peridotites, and both types pro- 
bably represent upper mantie material brought into the lower crust granulite 
facies by deep-seated tectonic movements. 
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(e.g. O’Hara and Mercy, 1963, 1966b); often the olivine of such rocks has 
become serpentinized. Xenoliths of diamond-bearing pyrope serpentinite were 
recorded in kimberlite of the Aykhal pipe, Yakutia (Sobolev ef a/., 1969), though 
here the garnet is a chrome- -pyrope (Cr203 4°9-14:1%). In most garnet 


neridotites however, the garnet is a red, relatively chrome-noor nvroane (Roact 
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and Grigel, 1969). Garnet peridotites from Kalskaret, south Norway, have been 
shown to have garnet of composition Py¢9_ssAlm2.5_3,;Gro,3Sp, (Carswell, 1968); 
the hypothesis that these rocks resulted from eclogite facies metamorphism of 
other peridotite assemblages in deep levels of the crust was rejected in favour of a 
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xenoliths in South African kimberlite pipes have a composition ranging from 70 
to 78 per cent pyrope molecule and Carswell and Dawson (1970) gave an average 
of 40 garnet analyses from garnet peridotite xenoliths on a worldwide basis as 
Py74.3Alm,,. oGro,. 1UV¢. 2Ands. oSDo- 6KNno. sSko. 4schyo. 1 (compared with the 
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Spo.6) and for 24 garnets from kimberlite matrix Py74.2Almj9.sGro2.9UVs. s- 
Andg.oSpo.7KNo.2Sko.sScho.2). In the Roberts Victor mine kimberlite, South 
Africa, garnet exsolution lamellae are reported in five distinct directions in 
clinopyroxene from a garnet pyroxenite (Desnoyers, 1975). Hydrothermal rever- 


cal epxneriments at DNNCC on a mixture of natural nvronic garnet and forsteritic 
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olivine and their low-pressure breakdown products led Jenkins and Newton 


(1979) to conclude that at above 12°5 kbar, garnet + olivine are stable, but at 
below that pressure they react to form pyroxenes + spinel; at an intermediate 
stage the assemblage garnet -olivine- orthopyroxene is probably stable. Thus 


varnet peridotites in amohi bolite- orannlit could be formed by 
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deep crustal metamorphism. 
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Eclogites. Following the original definition of eclogite (Hauy, 1822) as a 
garnet - pyroxene rock with various accessory minerals, detailed work by Eskola 
(1920, 1921) emphasized the mineralogy of eclogite as consisting essentially of 


omphacite and a garnet rich in Mg and Ca. Other important papers on eclogites 
and their gsarnetc including those of Briére (1920) Alderman (1936) 
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Smulikowski (1960, 1964), and Yoder and Tilley (1962), demonstrated that the 
mineralogy of eclogites is widely variable, with the composition of the garnet 
ranging from being dominantly pyrope to dominantly almandine, sometimes with 
an appreciable grossular component. This led Coleman et a/. (1965) to classify 


eclogites into three groups b based on their mode of occurrence. The pyrope con- 


uaa 


tent ‘of the garnets of each group is distinctive (Fig. 262), with eclogites of group 
A (inclusions in kimberlites, basalts, or layers in ultramafic rocks) containing 
greater than 55 per cent pyrope, and those of group B (bands or lenses within 
migmatite gneissic terrains) containing 30-55 per cent pyrope; the group C 


eclogites (bands or lenses within alpine-type metamorphic rocks, blueschists, etc.) 


have garnets with less than 30 per cent pyrope; see also Smulikowski (1965), Ban- 
no (1966). Further statistical work on the types of garnet from eclogites and 
ultrabasic rocks was reported by Sobolev (1962), and Dobretsov ef a/. (1975) 
claim that eclogites of group A paragenesis demonstrate considerably greater 


fluctuations in the composition of this type of garnet. 


Several examples of pyrope from varieties of eclogite are given in Table 52 
(anals. 3, 10, 12, 13, 17, 28). Suggestions that the Mohorovicic discontinuity is 
the expression of a transformation from basalt to eclogite (e.g. Lovering, 1958) in- 


creased interest in these rocks and led to attempts to reproduce this relationship 
eynerimentally (Voder and Tilley. 1969: Green and Rinewnod 1967). the latter 
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authors defining eclogite as containing pyrope-almandine garnet. For the pyrope 
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Fig. 262. The relative proportions of (almandine + spessartine), (grossular + andradite) and pyrope 
end-member molecules for garnets in eclogites and related rock types. Dotted lines represent the range 
in composition for the average (1) garnet from amphibolites, (2) garnets from charnockites and 
granulites, (3) garnets from eclogites occurring in gneissic or migmatitic metamorphic terrains, (4) 
garnets from eciogites associated in kimberiite pipes, (5) garnets from eciogites within ultramafic 
rocks such as dunite and peridotite (after Coleman et a/, 1965). 


$30 Orthosilicates 
of anal. 17, Miller (1970) deduced P- 7 conditions of formation of 6-10 kbar at 


550-700 °C. Experimental work at 30 kbar using natural pyrope and other phases 
from a peridotite nodule and an eclogite nodule, both from African kimberlites, 
led O’Hara and Yoder (1967) to propose a high-pressure fractionation scheme in 
which a hynersthene-normative picrite or olivine tholeiite magma formed by par- 
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tial melting of a garnet peridotite mantle; the precipitation of garnet + 
clinopyroxene (eclogite accumulates) then led to the development of alkaline and 
Si-poor mafic magmas from this primary liquid. 


The occurrence of pyrope-almandine (and almandine-pyrope) in the eclogites 
and eclogite-amphibolites of the Muenchberger gneiss massif, northeastern 
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Bavaria, has been studied by Hahn- Weinheimer and _ Luecke ( 1963a, b) who con- 
firmed the general tendency for the deeper rocks formed in higher P~ 7 condi- 
tions to have an increasing pyrope content in their garnets. An ‘eclogite’ from the 
Sittampundi complex, India, has a composition comparable with that of an 
alkali-poor tholeiite and a garnet with composition Py,;,Alm;;Gro,,And, (Chap- 
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pell and White, 1970), see also Table 52, anals. 18, 23: the Fe/Mg distribution 
coefficient for the garnet — clinopyroxene pair from this rock suggested P- 7 con- 
ditions of near 7-8 kbar at around 850 °C, i.e. conditions of the intermediate 
pressure granulite facies (see also Subramaniam, 1956; Green and Ringwood, 

Garnets in eclogite xenoliths in South African kimberlites frequently amount 
to > 30 per cent in the xenoliths whereas garnet peridotite xenoliths typically have 
< 15 per cent garnet; they show a wide spread of composition in the 


pyrope-almandine- grossular field (Rickwood ef a/., 1968), with normal eclogite 
garnets containing 10-15 per cent erossular components ranging to corundum 
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eclogite xenoliths “which have garnets in the pyrope-grossular range (in eclogite 
xenoliths from kimberlite pipes on the Colorado plateau, however, the eclogites 
belong to group C, i.e. their garnets are relatively almandine-rich; Helmstaedt 
and Doig, 1975). In a detailed study of a garnet from an eclogitic nodule from the 
Roberts Victor kimberlite pipe, South Africa, Harte and Gurney (1975) confirm- 
ed the calcium-rich nature of ‘the garnet. In this xenolith, garnet occurs as in- 
dividual grains and as both coarse and fine exsoiution jameilae in the clinopyrox- 
ene; the garnets range in composition from Py4;Gro3.Alm2, to Py2sGros; 
Alm,;, a progressive increase in grossular content occurs from granular garnets, 


through coarse- to fine-lamellar garnet and this is accompanied by a ceneral 
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decrease i in the pyrope/almandine ratio. Experimental work on the clinopyroxene 
gave an estimate of formation of an initiai clinopyroxene- garnet assemblage as 
approximately 1400°C and 34-38 kbar. Harte and Gurney suggested that the 


observed exsolution is related initially to cooling from these conditions towards 
the geotherm at constant denth. Two Roberts Victor cumulate eclogites examined 
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by Lappin and Dawson (1975) contain zoned garnets, one such having a core of 
Py4sAlm3¢Gro,9 and a rim of Py42Alm;3;Gro,;; these assemblages are considered 
to have formed at 1400-1500°C at 26-28 kbar by cumulate processes from an 


evolved high-pressure magma, followed by tectonic processes and equilibration at 
7§50~900°C and 28-32 kbar. before being involved in an ascending kimberlite 


750 and 28-32 kbar, before being involved in an ascending kimberlite 
magma Or fluid at around 1000- 1100°C, 8-12 kbar. 

An orthopyroxene eciogite from the Sunndai-Grubse ultramafic mass, 
northern Norway, contains clinopyroxenes with lamellae of garnet and ortho- 
pyroxene and here also the garnet is a pyrope-almandine-grossular (Lappin, 


1974). In the mantle- equilibrated orthopyroxene - bearing e eclogite pods from the 
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basal gneisses in the Selje district of western Norway, however, the garnets are 
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rather poorer in calcium (e.g. Table 52, anal. 13) with compositions in the range 
Pys9—39Almo27- 5:(Gro + And) _ 17 (Lappin and Smith, 1978), with P- 7 condi- 
tions estimated at 700-850 °C and 15-28 kbar. One eclogite pod, however, con- 
tains coarse exsolution lamellae of garnet in orthopyroxene (and clinopyroxene 
exsolving orthopyroxene); this implies higher P-T conditions, estimated at 


roughly 1200- 1370 °C, 30- 40 kbar, hence suggesting eclogite generation by ig- 
neous fractionation processes. Garnets in eclogites in the quartzo-feldspathic 
gneisses of Nordfjord, western Norway, are pyrope-almandine-grossular with a 
range of composition Py43-— 23Alm36~- 59 Gro;3— 2sAndo- 2Spo-2 (Bryhni ef a/., 
1969). 

Lenses of eclogite, eclogite- amphibolite, and garnet amphibolite have been 
described from gneisses of the Molde peninsula, on the northwestern coast of 
southern Norway; the eclogite-amphibolite contains plagioclase, clinopyroxene, 
garnet, and amphibole, the garnet being pyrope-almandine (Hernes, 1954). The 


formation of reaction rims of amphibole and clinopyroxene garnet, in an olivine 
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gabbro from Cabo Ortegal, northwestern Spain, has been inferred (Vogel and 
Warnaars, 1967) to be a first step towards a complete transformation of the gab- 
bro into eclogite: the garnet has a composition Py4,2Alm2 9Gro,9And, Sp, not very 
different from that in a nearby eclogite of the Capelada complex 
(Py4sAlm32Gro;9.;And,9.5Sp;) 


AA J aGS ReeAe 3euert SPAM IO sSP1). 

The phase relations observed experimentally at 30 kbar for the join 
pyrope- grossular have been taken to suggest that nephelinites might have formed 
at pressures at or above 30 kbar, and may fractionate towards a thermal 
minimum on the garnet-diopside liquid surface, with eclogitic mineralogy 
(Maal@e and Wyllie 1979). 
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Inclusions of fassaite eclogite containing pyrope in basic breccia-nephelinite 
pipes at Delegate, New South Wales, (e.g. Table 52, anal. 10) have been reported 
by Lovering and White (1969); these and other associated xenoliths are all con- 
sidered to have crystallized or recrystallized in about the same P- 7 region, within 


the range 7-15 kbar, 700- 1200°C, i.e. uppermost mantle or lowermost part of 


the crust. Pyrope- rich garnets also occur as xenocrysts (MgO 18: 8%), in eclogitic 
xenoliths (MgO 15:4-13°2%) in volcanic breccia at Kakanui, New Zealand 
(Mason, 1966, 1968), and eclogitic xenoliths with orange garnet of composition 
PysaGro33Almp; have been found in a lamprophyre dyke in the Oktgabr’sky 
alkalic stock in the Ukraine (Bayrakov, 1964). 


Kyanite eclogites are occasionally : found as xenoliths as in the Zagadochnaya 
kimberlite pipe in Yakutia, where the garnet (Table 52, anal. 28) is a pyrope- 
almandine with an appreciable calcium content. The rock type grospydite 
(Bobrievich ef al., 1959) consisting of garnet - pyroxene - kyanite (the garnet being 


a grossular-pyrope- almandine) also occurs as xenoliths in these Yakutian 
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kimberlite pipes and led Sobolev et al. (1966) to suggest that a continuous series 
pyrope- grossular might occur at pressures greater than about 20 kbar. A large 
xenolith of eclogite containing more than 15 per cent ruby and with orange 
pyrope- -grossular (PyssGro42Alm,,) has been recorded from the Obnazhennaya 


kimberlite nine. constituting the first occurrence of a corundum eclogite 
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(Sobolev, 1965b; Sobolev and. Kuznetsova, 1965). 

Diamond crystals with syngenetic inclusion assemblages corresponding with 
eclogitic phases have been described (Sobolev ef a/., 1971; Ponomarenko et al., 
1973; Prinz et al., 1975) in which the garnets are pyrope-almandine-grossulars 
(Table 52, anal. 20). These garnets are quite distinctly different from the chrome- 


Rae Seeley 


pyrope inclusions i in other diamonds (see p. 535) and are never found coexisting 
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in the same diamond crystal as the chrome- -Pyrope type (Meyer and Tsai, 1976). 


The garnets in diamondiferous eclogites fall in this same compositional field, i.e. 
pyrope-almandine-grossular (Reid et a/., 1976). The extrapolation to the plausi- 
ble geotherms of comparison dilatometry data up to 7 kbar for pyrope included 


with diamond has led Cohen and Rosenfeld (1979) to conclude that the probable 
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source of many diamonds associated with eclogitic type garnets lies within the 
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diamond stability field at 145-300 km depth. 


Garnet-sapphirine rocks. The assemblage pyrope-sapphirine + biotite, cor- 


dierite, hypersthene and spinel is not uncommon. In Val Codera, Italy, scattered 
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garnets (Py;4Almae) 5-25 mm in diameter are embayed by and set in a 
biotite - cordierite- hypersthene- sapphirine matrix; reaction rims on the garnets 
suggest that a pyropic garnet-pleonaste ultrabasic assemblage underwent K,O 
metasomatism to give this matrix assemblage (Barker, 1964a). A pyrope-sap- 


nhirine-sillimanite— hvynersthene-—biotite-cordierite rock has heen described 
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from a granulite facies assemblage in the Anabar massif (Lutts and Kopaneva, 
1968) where its occurrence can be related to the breakdown of pyrope 
(PyssAlm,,Gro,And,) as reported to occur experimentally by Boyd and England 


(1962); the P- 7 conditions deduced for the Anabar massif assemblage were 12 
kbar at 950°C. Minor garnet (Py,;-Alm.,Gro,,And;Sp>) occurs as por- 
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phyroblasts (Table 52, anal. 25) in a_ kyanite-staurolite- phlogopite-an- 
thophyilite rock with accessory sapphirine from Gr@n@y, northern Norway, an 
assemblage thought to represent an ultramafic lens enclosed in strongly deformed 
and metamorphosed supracrustal rocks (@Mstergaard, 1969). In the sap- 


nhirine— ocarnet— kornernnine— tourmaline rock of Waldheim. Saxony. the large 


Mises aaa OSGi sawe FRA Bbw Lapa ON On ALGAE LYE VV CRANAREW ERE, WAAAY LEED AGE BY 


garnets (Schreyer ef a/., 1976) have Mg-rich cores (pyrope 60 mol. %) and Fe-rich 
rims (aimandine 60 moi. %), and in the sapphirine- sillimanite- garnet-bearing 
metagabbroic granulite xenolith from the Stockdale kimberlite, Kansas, the 
garnet (Py4sAlm33Gr.2.) is attributed to earlier reaction between fassaite and 
plagioclase (Meyer and Brookins, 1976). In all these garnet-sapphirine 
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assemblages the garnet is a pyrope-almandine. 


Rhoadolite is a varietal name given to pyrope- -almandine garnet which has a 
pink or rose-like colour in hand specimen; because of the possible confusion be- 
tween the name and that of the manganese silicate rhodonite, Campbell (1972) 
suggested that the name rhodomacon be considered. The rhodolites have no other 
special properties and as has been argued by Zwaan (1974) the term is un- 
necessary. The name was first proposed by Hidden and Pratt (1898) for a garnet 
from stream boulders in Macon County, North Carolina (cf. Table 52, anal. 16), 
but similar rose-pink garnets have been reported from Tanzania (Bank and 
Nuber, 1969; Martin, 1970; Zwaan, 1974) and Rhodesia (Campbell, 1972). Most 
of the Tanzanian material occurs as pebbles in river gravels; both pyrope- 


almandine (e.g. Table 52, anals. 15, 22) and almandine-pyrope are represented. 


Coronas. The occurrence of pyrope-almandine in coronas between plagioclase 


and olivine in hacic rocks. where it ic typically acenciated with clinonvroyvene 
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spinel and amphibole, has frequently been reported. In Norwegian anorthosites 
such garnet has been attributed to an increase of pressure to around 10-12 kbar 
following initial crystallization, giving a reaction between olivine, pyroxenes, 
spinel and plagioclase to form garnet and less aluminous pyroxene (Griffin, 


1971); rapid decompression later resulted in symplectitic decomposition of the 
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garnet to a new generation of pyroxenes, plagioclase and spinel. Similar symplec- 
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tites of secondary pyrope, plagioclase, and Cr-rich spinel have been reported 
around large violet pyropes in dunite (Fiala and Padeéra, 1977), where they differ 
from kelyphite as originally defined (Schrauf, 1884) in their lack of the 


characteristic fibrous texture and their lack of orthopyroxene. The kelyphitic 
alteration of pyrope-almandine garnet in eclogite was documented by Alderman 
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(1936) and has been studied further by Matthes (1961b) who considered that such 
kelyphitic intergrowths were not a iater phenomenon but represented 
allochemical reactions. The symplectitic alteration of eclogitic garnet- pyroxene 
rocks to hornblende - plagioctase rocks has been considered alternatively to repre- 
nmixing process facilitated by migration 

tion (Wikstrom, 1970); s see . also 0” Hara (1976) who found that ‘the ‘ new’ > parnet in in 
corona structures in Norwegian peridotites is a Cr-poor residuai garnet formed 
during the breakdown of a less stable Cr-rich garnet. 
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Chrome-nv yrop 
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contain appreciable Cr,0;. Chrome-pyrope is also one of two characteristic types 
of garnet found as inclusions in diamonds. In their statistical classification of 
garnets from kimberlites and their xenoliths, Dawson and Stephens (1975, 1976) 


consider their three grouns chrome-pyrope low-calcium chrome-pyrope and 
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knorringitic uvarovite-pyrope (see p. 504) all to be typical of kimberlite, with 
chrome-pyrope also to be characteristic of garnet lherzolite and low-calcium 
chrome-pyrope to be typical as an inclusion in diamond. 

In the Montahut kimberlitic pipe of Bédarieux (Hérault, France), rounded 


neridotite xenoliths in a basanitic breccia containine sporadic lavender or nale 
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violet garnet (Cr2O; 2° 5. + 0°7%) have been described (Albert ef a/., 1967). Much 
of the earlier work on chrome-pyrope in peridotitic xenoliths was reported by 
Sobolev and Sobolev (1967) and Sobolev ef¢ a/. (1968) and a definitive paper on 
chrome-rich garnets from the Yakutian kimberlites is that of Sobolev ef al. 
(1973). Each of these Siberian kimberlite pipes was found to differ somewhat in 
the compositions of its garnets; the Dalnaya pipe is reported to yield relatively 
abundant chrome-pyrope particularly rich in Cr20O; (e.g. Tabie 54, anai. 23), 
whereas the garnets of the Udachnaya pipe have a wide range of composition but 
typically have high Cr,O; and low CaO (e.g. Laz’ko, 1971), and those of the Mir 


pipe have in general a lower Cr2Q; content (e.g. anal. 18). The most widespread 
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garnets in these kimberlitic pipes are pyropes containing about 5-10 per cent of 
the knorringite component and 9- 15 per cent grossular. This compositional field 
is typical of the garnets of lherzolites and websterites, i.e. peridotites with a two- 


pyroxene association. The positive correlation between Cr and Ca in garnets 
coexisting with two pyroxenes is of special importance in identifying the 
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paragenesis of pyropic garnets from their composition (Sobolev, N.V., ef al., 

1969; Sobolev, 1971). The first report of chrome-pyrope in a Yakutian diamond- 
bearing garnetiferous peridotite was that of Sobolev, V.S., ef a/. (1969) who 
recorded 4:91-14:1 per cent Cr.O; in garnet in serpentinized fragments in 


kimberlite of the Avkhal pipe. From a study of bulk samples of pyrope from 
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stream-sediments in the Ukraine, Bobrievich ef a/. (1972) concluded, however, 
that as very few knorringite-rich pyrope garnets have been found in generai com- 
pared with the more normal Cr-poor pyrope (Cr2O0; 1-3%) which is widespread 
in kimberlite, chromium-poor pyrope may still be used as a prospecting criterion 


for diamondiferous kimberlite, and that if knorringite-bearing garnet were later 
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to be discovered in such an area this would merely provide additional confirma- 
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tion. Kaminskiy (1972) records that in the kimberlite of the Mir, Udachnaya and 
Aykhal pipes high-temperature octahedral diamond crystals are predominantly 
associated with characteristic green and lilac chrome-pyrope. 


The association of chrome-pyrope with diamond-bearing kimberlite pipes has 
now been widely noted also in the kimberlite province of southern Africa. In the 
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Finsch kimberlite pipe east of Postmasburg, Griqualand West, 35 garnets ex- 
amined (e.g. Table 54, anal. i) ali contain less than 10 atom per cent Ca in the 
eight-coordinated site, Mg occupies 75:7-87°9 per cent of this site and Cr,0; 
amounts to 3:01-9:52 per cent (Gurney and Switzer, 1973); the garnets of the 


Finsch pipe show a wide variety of colours, including yellow, brown, orange, red, 


insch pipe show a wide variety of colours, including yellow 
lilac and purple, contrasting with the predominantly. red colour of those of the 
Kimberley mines, but the lilac grains have the highest chrome content. A similar 
garnet from a peridotite xenolith in the Bultfontein kimberlite has been described 
by Aoki (1975). In the Newlands kimberlite, northwest of Kimberley, green 


uvarovitic pyropes occur, i.e. the garnets are richer in calcium than the knorr- 
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ingitic varieties; Clarke and Carswell (1977) suggested that they formed during 
subsolidus recrystallization of spinel wehrlitic cumulates, which had themselves 
been produced by a fractionating magma at a depth of about 200-250 km. 
Chrome- -pyropes have also been reported from peridotite xenoliths in the Mat- 
soku kimberlite pipe of northern Lesotho (Carswell and Dawson, 1970; Gurney ef 
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al,, 1975), sheared phlogopite-bearing garnet lherzolite nodules in Monastery 
mine, Orange Free State (Boyd and Nixon, 1975), peridotite xenoliths from the 
Lashaine volcano, Tanzania (Reid et a/., 1976), and as exsolution lamellae in or- 
thopyroxene (Table 54, anals. 8, 12) from kimberlite of the Bultfontein and 


Wesselton mines, South Africa (Dawson ef a/., 1980). The knorrirfgitic pyrope 
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described by Nixon and Hornung (1968) occurs in the Kao kimberlite pipe, 
Lesotho. The petrogenetic significance of this phase has been discussed by 
Ringwood (1977) who suggested that subduction into the mantle of olivine + 
chrome-spinel + enstatite cumulates, originally crystallized from mafic magmas 


within the oceanic crust, could bring about alteration by circulating hydrothermal 
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solutions resulting 1 in the introduction of carbonate and serpentine minerals; dur- 
ing subduction this assembiage would partially meit at depth below 150 km, ac- 
companied by the reduction of carbonate, to form a reconstituted assemblage of 
olivine + knorringitic pyrope + enstatite + diamond. 

Chrome-pyrope (Table 54, anals, 11) from a layered garnet peridotite at 
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Ugelvik on ‘the island of Ottery, west Norway, has ‘been ascribed to original 
crystallization of a high-temperature enstatite phase at 1500- 1600°C and 35-40 
kbar, which subsequently exsolved chrome-diopside and chrome-pyrope while 
still at upper mantle P- 7 conditions of the order of 950-975 °C and 35-37 kbar 


before tectonic emplacement of the neridotite mass into its present crustal en- 
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vironment (Carswell, 1973). 

The purpie chrome-pyrope of Table 54, anal. 16, occurs in a garnet peridotite 
xenolith in kimberlite at Pyramidefjeld, southwestern Greenland, where it is 
generally surrounded by a radiating cryptocrystalline kelyphitic intergrowth 
which grades into a fine-grained mixture of chrome-spinel, orthopyroxene, and 
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minor “clinopyroxene and phlogopite (Emeleus and Andrews, 1975). In the 
kimberlite of Somerset island in the Canadian Arctic, phenocrysts or xenocrysts 
of chrome-pyrope (Table 54, anal. 5) occur with olivine, phlogopite, orthopyrox- 
ene and chrome-spinel; the garnets constitute about | per cent of this kimberlite 
and occur as small broken grains often with part of a wide, brown kelyphitic rim 


still adhering (Clarke and Mitchell, 1975). 
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In Riley County, Kansas, six kimberlite diatremes are known; one of these, the 
Stockdale kimberlite, contains up to 4 per cent of pyrope (Brookins, 1967) with a 
range of colours; Rosa and Brookins (1966) found that the red pyrope had a 
11°535A whereas the green pyrope had a 11°558A. Further study by Rost et al. 
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orange to dark violet with corresponding Cr2O; (and a values) of 0:2 per cent 
(11°511 A) to 13 per cent (11°647 A), and the other characterized by pink or red 
colours, Cr2O; values all below 2°5 per cent and with larger cell edges caused by 
higher Fe,0; contents. Similar variations of pyrope garnets from European 
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Fiala and Padéra, 1977). In the Alno complex, Sweden, ‘chrome- -pyrope has been 
found in an alnoitic dyke rock; it has 8°6 per cent of the knorringite molecule 
(Kresten, 1976). Two types of garnets in kimberlite have also been recognized by 
Zhang and Yang (1978) in abating 39 garnet analyses: purple chrome-pyrope 
geaneorally auith Cr. S 2: nar rant and an orange ser tac wi 
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cent. 


Garnet inclusions in diamonds. The occurrence of pyrope crystals as inclusions 
in natural diamonds was first proved by X-ray diffraction methods by 
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rich was due to Meyer (1968). Chrome-pyropes from Yakutian diamonds were 
described by Sobolev N.V. ef a/. (1969), with 10 analyses; of 25 garnets extracted 
from Ural diamonds, Sobolev, e¢ a/. (1971) found that three were violet chrome- 
pyrope, one of these containing Cr2.O; 15°6 per cent (see also Sobolev and 
Botkyanov, 1971). Further reports of chrome-pyrope in diamonds were given by 
Meyer and Boyd (1972) and include examples from Venezuela, Thailand and 
numerous southern African sources as well as the USSR (see also Gurney and 
Switzer, 1973; Meyer and Tsai, 1976: Prinz et a/., 1975). The fact that there were 
the same two types of garnet inclusions in diamonds as in the peridotite xenoliths 


in Limbherlitec varying hoth in colour and camnnectinn hac led to the recnonitian 
aaa Kimoer BLLYD, Var J! 1p wwe in wwivVvul asau composition, IAA IVS to the EUV GBilitawais 


of a paragenetic relationship between diamonds on the one hand and kimberlites 
and their peridotitic xenoliths on the other. Meyer and Tsai (1976) note that in a 
single diamond each phase is extremely homogeneous and if several garnet 
crystals are present in one diamond they usually have an identical composition; 
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mond with the orange-red pyrope-almandine (eclogitic) type but diamonds from 
the same pipe commonly contain both types, albeit separately, e.g. Sobolev ef a/. 
(1971) for the Mir pipe, Yakutia, and Meyer and Tsai (1976) for the Premier 
mine, South Africa. 


The magnesian garnet majorite, with a composition similar to that of ortho- 
pyroxene, has so far been reported to occur only in meteorites. It was original- 
ly described from the Coorara chondrite (Smith and Mason, 1970), but also oc- 
curs in the Catherwood olivine-hypersthene chondrite (Coleman, 1977) and in 


woeime + the Tanham crhandrite (Drice at al 1070\- in all af thece it arnhahly 
veins in tne 1t@nnam cnonarite (Ee Live Cl UE. 1979); AML GALE UL UINOD LE prvwuaury 


resulted from shock transformation of olivine and pyroxene. 


Chemistry 


Almandine is the commonest species in the garnet group. Almandine garnets 
generally also contain appreciable amounts of both the pyrope and spessartine 
molecules and may have important amounts of the grossular molecule; a typical 
composition for the garnet of garnet-mica schist of regional metamorphism 
might be Almg¢Gro.;PysSp4. Almandine garnets frequently act as scavengers for 
manganese, thus in a metamorphic rock with only 0°15 per cent MnO, the alman- 
dine amounting to 2 per cent of the rock may contain up to 5 per cent of the 
spessartine molecule. Chemical analyses of 48 garnets in which almandine is the 
dominant molecule are given in Table 55, where they have been recalculated on 
the basis of 24 (O) and also into the molecular percentage of their end-member 
components (following Rickwood, 1968). The most iron-rich (anal. 1) has 86°7 
per cent of the almandine molecule (in this case all the iron having been reported 
as FeO). Alderman (1935) reported an almandine in metamorphosed greenstones 
from Botallack, Cornwail, with FeO 38°54 per cent, and no Fe203. Microprobe 
analyses of five garnets from the Archaean iron formation of the Itchen Lake 
area, Northwest Territories, Canada, gave FeO (total iron) values of 36°84- 38:15 
per cent, which recalculate (Bostock, 1977) to 80°9- 83:8 per cent of the alman- 


dine molecule (the remainder being mainly ‘grossular and pyrope). A microprobe 
analysis of an almandine from a chioritoid-staurolite- garnet quartzite, from 
western New Hampshire, gave a total Fe as FeO value of 40°09 per cent (Rumble, 
1971) and some of the almandines from Black Mountain in this area are > 97 per 


cent almandine (Rumble, 1978). The analyses quoted here (Table 55) have been 
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selected from approximately five times their number to demonstrate variations in 
almandine content, range of other molecules, and paragenesis. They aiso show, 
however, that on recalculation they approximate fairly closely to the theoretical 
ratio of 3:2:3 for Si: R°**: R**. In Table 55, Ti has been placed in the R** group 


in all cases. The chemical variation between garnet grains (5000 points) in 


plagioclase - epidote- garnet assemblages of two regional metamorphic suites was 
studied by Braun and Muller (1975); the garnets are almandine with variabie 
amounts of grossular and pyrope components, but the major variation is for Mn, 
which varied by 46 per cent within the garnet grains. Many other collections of 


almandine analvses now exist in addition to those contained in the compilation of 
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Sobolev (1964a), e.g. those of Lebedev ef a/. (1967) and Nikanorov and 
Mikhailov (1969). The advent of the electron microprobe has enabled data to be 
collected on garnets from sources such as the xenoliths contained in kimberlites; 
for example the Lesotho kimberlites contain numerous nodules of garnet 


oranilites fas well ac eclooites) and analvcec of 24 almandines from this cource are 
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given by Griffin et al. (1979). Some 250 microprobe analyses of garnets in 
metamorphic pelitic, arkosic and pyroclastic rocks from the Stavanger area of 
Norway were reported by Muller and Schneider (1971), the vast majority of 
which are almandines, anus with Spessartine as an important subsidiary 
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Table 55. Almandine Analyses 












































1 2 3 4 5 6 
sio, 36°10 36°4 37°39 37°24 37°8 37:20 
TiO, 1-21 0-1 0°16 — 0:05 0:08 
Al,O; 20°90 20°7 20:72 20°50 20:7 21°46 
Fe,0; — i'l 0°83 — 1:2 
FeO 36°80" 36°7 36°37 36°71 34:4 35°44* 
MnO 2:50 2:0 0°86 0:44 21 1:82 
MgO 1-33 21 3-85 3°55 31 3-10 
CaO 0:57 1-0 0-41 1°42 0°84 1:33 
Tota! 99-54 100°1 100:59 99-91 100°54 100-43 
n 1-813 — — — 1-804 — 
D — _— 4235 — — — 
a(A) 11°530 11-520 — — — 
Numbers of ions on the basis of 24 O 
Si 5-899 | ; 5-913 | . 5-974 | 6-000 | 6-010 | 5-950 | 
Al 0-101 | 00 9.997 [6 o.926 [600 | — | 0-080 | 6°00 
Al 3-925 | 3°87 | 3°876 | 3893 | 3-879 3-996 | 
Fe>* — +4-07 0-134 +4:02 0:100+3:99 — 0:144 +403 — +401 
Ti 0:149 | 0-012 | 0-014 | ~ | 0-006 J 0-010 
Mg 0-324 | 0508 | 0-917] 0-852 0-735 0-739 | 
Fe?* 5-029 | en 4°986 L 4°860 | 4-946 | 4574]. 0, 4740 | 
Mn 0-346 1 789 9.275 £54 o-rs6 £9 % 0-060 1 O19 0-283 15°74 0-247 15°95 
Ca 0-100 0:174 | 0-070 | 0-245 | 0143 | 0-228 | 
Mol per cent end-members 
Almandine 86°7 83°9 80°8 80:2 79:8 79-6 
Andradite _ 2°7 1:2 _— 1:2 — 
Grossular 1:7 —_ — 4:2 —_— 3°8 
Hydroandradite — — — —_ 1:2 — 
Hydrogrossular — — _— — — — 
Pyrope 5-6 8°6 15°4 14°6 12°8 12°4 
Schorlomite _ 0-2 — — — _— 
Skiagite — — 07 ~ — — 
Spessartine 6:0 4:6 1:9 1:0 49 4:2 
Uvarovite — — — — — _ 





1 Almandine, Kayove, Rwanda (Tarte and Deliens, 1973). (includes P20; 0°04, Na20 0:05, K,0 0:04; IR 


spectrum.) 
2 Secondary almandine, quartz- magnetite- corundum banded iron ore in granulite facies, Vestpolltind, 
T Afatan _ Uasctaralan anetheen Rnewa (Veranh 10771 


LVLULGILT VOSULIGIULII, LIUELIICLLE INUL Way LINIUBII, bossy. 

3 Almandine, garnet-chlorite rock, Falun, Sweden (Menzer, 1928). Anal M. Bendig. 

4 Garnet cordierite—hypersthene- garnet granulite, contact aureole W of Kiglapait troctolite, Nain complex, 
Labrador (Berg, 1977) (includes Na2O 0°05). 

5 Garnet, muscovite- garnet -sillimanite aluminous schist, north of Idaho batholith, Idaho (Hietanen, 1969). 
Anal. C. O. Ingamells (includes Y,03 0°08, H20* 0°24 H,O° 0:03). 

6 Rim of zoned almandine, high-grade cordierite- feldspar-quartz- garnet migmatite, Black Hill, Glen Muick, 
Grampian Highiands, Scotland (Ashworth and Chinner, 1978). Microprobe anai. 
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7 8 9 
SiO, 35°96 37°32 36°97 
TiO, 0°16 0°16 — 
Al,O; 21:79 21:28 21:44 
Fe,0, 0°60 0°75 _ 
FeO 35°05 33°91 34°80 
MnO 1°67 1°14 2:97 
MgO 3:27 2°94 3°22 
CaO 1°32 2°79 1°26 
Total 99°82 100°29 100°66 
n 1-810 _— — 
D — — _ 
a(A) —_ — — 

Numbers of ions on the basis of 24 O 
Si 5*802 5-955 5916 
Ai 55g F600 soa [6 00 536 | 6-00 
Al 3-946 | 3°957 3-960 
Fe** 0:073 + 4:04 0:090 54:07. — 
Ti 0°019 0:019 — 
Mi 0-786 | 0°699 } 0°768 | 
Fe** 4:729 | 4°525 4°657 
Mn 0-228 [5°97 0-154 [5°86 0-403 [6°04 
Ca 0-228 | 0-477 | 0-216 | 

Mol per cent end-members 
Almandine 78°7 773 76'6 
Andradite 1°5 2:3 — 
Grossuiar 2:0 5°8 3°6 
Hydroandradite — — — 
Hydrogrossuiar — — — 
Pyrope 13°5 11:9 13:0 
Schoriomite 0-3 —_ _ 
Skiagite _ _ _- 
Spessartine 3°9 26 68 
Uvarovite _— -—_ _ 

7 Almandine, cordierite- garnet -biotite- plagioclase 
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oclase- orthoclase- quartz hornfels, contact aureole 


Loch Muick, Grampian Mountains, Scotland (Chinner, 1962). Anal. G. A. Chinner. 
8 Almandine, pelitic gneiss, Glen Clova, Angus, Scotland (Chinner, 1960). 
9 Garnet, dacitic ignimbrite, Borrowdale volcanic rocks, Ullswater, Cumbria, northern England (Fitton, 19/2). 
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Black Hill 


Garnet, quartz- feldspar - biotite- garnet gneiss, Lam-Bodenmais area, Bavaria (Bhimel and Schreyer, 1977). 


11 Garnet, silica-poor hornfels, Spargraigs, Belhelvie, Aberdeenshire (Stewart, 1942). Anal. F. H. Stewart. 


12 


Garnet, chlorite- garnet schist, Sarvengude, Collobrieres, Maures, France (Caruba ef a/., 1975). 
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13 14 15 16 17 18 
37:73 37:3 35°53 36°5 36°70 37°85 
0-01 _ 1-17 0°48 0°22 0-01 
20°64 20°6 19-99 20°4 19-80 21:60 
0°82 _ 185 _ 1-59 0-00 
33-23 33-4* 32:39 31-8* 33-12 32:52 
1:17 5-75 2:89 6:79 0-19 1:10 
4:51 2:42 1:14 0-80 0:82 6:02 
1:55 0:94 5-05 2:80 8-21 0:79 
99°66 100-41 10001 99°57 100-65 99:91 
1-785 _ 1-821 1-804 1-807 _ 
_ _ 4:03 — _ _ 
11°55 _ 11-584 11°559 _ _ 
6" "020 | 6-016 5-789 | & og 5971] 6.99 5921] 6 99 5968 | «9 
_ U'ZII J U'UZY J vwuly ) UWUS!s J 
3 882 | 3-917 3°628 | 3-905 | 3686 | 3-982 | 
0-098 +398 — 0-227 +400 — [3:96 0-193 +391 — [3-98 
0-001 _ 0-143 | 0-059 | 0-027 | 0: 1] 
1-072 | 0-582] 0:2777 0-195 0-197 1-415 
4:434 L 4-506 | 4-414 4:351 | 4-469 | 4288 
0-158 [93 0-786 [94 9-399 [5°97 0-941 [5°98 0-026 FO! 0-147 [5°99 
0265 | 0 162 | 0 882 | 0-491 | 1-419 0-135 | 
74:8 74:0 73:8 124 124 16 
2:5 ~ 3:3 _ 4-6 _ 
2:0 2-7 91 8:3 19-0 22 
18°1 9:9 4-7 Ee) 33 23-7 
_ 2-4 — 03 _ 
13-4 0:4 2:5 


N 
1 o| 
a 
¢ 
| 2 


Schorlomite 
scnoriomite 


Skiagite 


Sneccartine 


Pevves sasay 


Uvarovite 











13 Garnet, granite porphyry in the Zaisan fold system, Kazakhstan, USSR (Ermolov et ai., 


1977). 


14 Unzoned garnet, sillimanite-biotite- garnet-cordierite hornfels, Steinach aureole, Bavaria (Okrusch, 1971). 
15 Garnet, muscovite-biotite- garnet - quartz- plagioclase schist, Pizzo Robone, Ali area, Peloritani Mountains, 


Sicily (Atzori, 1969). 


DQreenet avlenien T abn (he deine mnninn Vnte Damien nes le (Nam Aneantl nA an A Maceleicl: 
Wali lei, eulysite, Lake Chudz’ yavi region, AVia Peninsula (DONnGAIcnKS ana Dagelaiskii, 


pt ot pt 
a ~ N 


(Kwak, 1970) (includes K2O 0:02). 


Garnet, chlorite- phengite- garnet - quartz schist, Dora-Maira massif, western Italian Alps (Chatterjee, 1971). 
1961). 
Garnet, almandine amphibolite facies schist, Grenville province, southeast of Sudbury, Ontario, Canada 
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19 20 21 22 23 24 
SiO, 36'1 37°33 36°7 37°6 38°62 38:03 
Tid: Ol 0:02 0°75 <0°3 0-10 _ 
ALO; 21°4 20°96 21°4 21°3 21°52 22°05 
Fe,03 —_ 0°68 — — 0°52 0-88 
FeO 31°5* 30°58 29:9" 29°1* 30°32 29°17 
Maid 12 2°19 1714 1:2 0°37 1°57 
MgO 0:4 1:25 0:90 0-4 7°91 6°49 
Cad 8-7 705 9°02 10-0 0°92 1-80 
Total 99°4 100°12 99°81 99°6 100-32 99-99 
n 1°81 1-808 1-788 1:795 1-7924 1-°793 
D _— 4°13 _— _— 3°967 4:08 
a(A) 11-624 11-603 11-621 11°62 11°531 11-529 
Numbers of ions on the basis of 24 O - 
Si 5-861 | 5-984 | 5-882 | 6-020]. 5-984 | 5-937 | 
Al 3956 | 3-944 3925 | 4-020 | 3-914 | 3-994 | 
Fe>* _— 3°97 0°082 4:03 — 402 — 0:061 +3-99" 0:103 + 4-10 
Ti 0-012 | 0-002 | 0-090 | — | 0-012 | — | 
Mg 0°097 | 0:299 | 0-215 | 0-095 | 1:827 | 1-510] 
Fe?* 4-277 4-100 4-008 |... 3897 L 3-929 L 3-808 
Mn 0-165 [65 9-297 £59! 9-155 [5°93 0-163 15°87 0-049 5° 0-208 [5°83 
Ca 1513 | 1-211 | 1-549 | 1-716 | 0153 | 0:301 | 
Mol per cent end-members 
Almandine 69°7 69°4 67°4 66°4 66:0 65°4 
Andradite — 2:1 — — 1°5 2°6 
Grossular 25'8 18°4 26°3 29:2 0°9 2°5 
Hydroandradite — — — — _— — 
Hydrogrossular — — — — — — 
Pyrope 1:7 571 37 1°6 30°7 25°9 
Schorlomite — — — _ _— — 
Skiagite — — — — — — 
Spessartine 2°8 5:0 2°6 2°8 08 36 
Uvarovite — _— — 0:1 — 
* Includes Cr>* 0-005. 
19 Almandine-rich garnet, lunar sample 12021 (Traill et a/., 1970). (Electron microprobe anal.) 
20 Pink almandine, pyroxene granulite (‘intermediate charnockite’), Fastningsberget, Varberg, Sweden (Howie 
and Subramaniam, 1957). Anal. R. A. Howie (includes Na2O 0:03, H2O° 0°03). 
21 Garnet, chlorite- phengite- biotite- garnet - albite- quartz schist, Dora-Maira massif, western Italian Alps 
(Chatterjee, 1971). 
22 Garnet, quartz-garnet schist (regionally metamorphosed sediments), Lukmanier, Swiss Alps (Frey, 1969). 
Anal. G. Burri (includes Cr203< 0°2). 
23 Almandine, biotite-cordierite- garnet migmatite, Lyadova, Kotyuzhani village, pre-Dniester district, Ukraine 
(Sidorenko, 1960). (includes Cr,03 0-04.) 
24 Garnet, quartz- biotite gneiss, 8 miles N. of Edwards, Adirondack Mts, New York (Engel and Engel, 1960). 


Anal. C. E. Engel. 
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25 26 27 28 29 30 
36:98 37°5 38°50 38-02 34-99 38°16 SiO, 
0:10 0-06 0-08 0-03 0°03 0°21 TiO, 
20:93 20°1 22:50 21:02 20°62 22:52 Al,0; 
1-08 1:8 tr 1:98 1°92 0:48 Fe203 
29°55 27°6 29-04 28°12 26°06 27°52 FeO 
1:25 4:4 0:37 0°64 14-99 1:18 MnO 
1:85 2°4 8°86 7°87 0-71 9:16 MgO 
8°57 6:0 1-18 2:25 0-08 0:87 CaO 
100°31 99:9 100°79 100-14 99-7} 10010 Total 
‘799 1-800-1°806 1-760 1:796 — 1:784 n 
‘067 4:08-4:12 _ 3:99 — 4:04 D 
611 11°582-11°606  — 11°528 — 11°517 a (A) 
5-901} ian 6°00 5902 | . 5-923 | . 5-786 | . 5-871} . Si 
0099/9 _ fF 998 [© 0.077 5° o-214 FO 4-129 [ Al 
3°837 3-795 | 3968 | 3-783 3-805 3-955 Al 
0°130 + 3:98 0:217 +4:02 — +4:00° 0-232 +4:02 0:239 +4:05 0:056 | 4:04 Fe** 
0-012 0-007 | 0-009 | 0-004 | 0-004 | 0-024 Ti 
0-440 0573] 2-024] 1:827 | 0-175 2:1001 Mg 
3°943 | -.n9 3°698 | con 3°723 | egg 3°664| c.ge 3°604 | coq 3°541| c. Fe?* 
0-169 L6 02 0-597 7° ™ 0-048 [99 0-084 F929) 2-100 fF 8? O-1s4p > 4 Mn 
1-465 | 1-030 | 0-194 | 0:376 | 0-014 | 0-143 | Ca 
62:7 61:6 61:4 60°6 59°3 Almandine 

1 5°5 — 5-9 _ 1:0 Andradite 

5 12:0 2°8 0°5 _— 1:0 Grossular 

— — —_— 0-2 — Hydroandradite 

_— _- _ _ _ Hydrogrossular 

7:4 9:7 34:3 30°8 3-0 356 Pyrope 
0:2 — _— _— _ 0-4 Schorlomite 
_ _ _ _ _ Skiagite 

29 10°1 0°8 1°4 36:2 2°6 Spessartine 
_— 0°5 _ _— _— Uvarovite 


® Includes Cr>* 0-019. 


Buff-pink garnet, high-grade regionally metamorphosed basic rock, Willyama complex, Broken Hill district, 
New South Wales, Australia (Binns, 1965). 

Garnet, eclogite band within glaucophane- epidote- muscovite schist, Ward Creek, Cazadero, Sonoma 
County, California (Coleman ef al., 1965). 

Garnet, quartz- plagioclase- biotite gneiss, Sludyanka series, southwest Cisbaikalia, U.S.S.R. (Kuznetsova et 
al., 1978). Anal. G. V. Bondareva (includes Na2O 0°10, Cr203 0°16). 

Pink aimandine, garnetiferous enderbite (charnockite series), Pailavaram, Madras, India (Howie and 
Subramaniam, 1957). Anal. R. A. Howie (includes Na2O 0°11, K20 0:01, H2O™ 0:09). | 
Almandine-spessartine, granitic aplite cutting porphyritic muscovite- biotite granite, Alijo-Sanfins, northern 
Portugal (Neiva, 1975). (includes Na2O 0°10, KO 0°08, H,0* 0°13.) 

0 Pink almandine-pyrope, orthopyroxene- garnet-spinel granulite, Dangin Cutting, Quairading district, 
Western Australia (Davidson and Mathison, 1974). Anal. L. R. Davidson. 
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31 32 33 34 35 36 
SiO, 36-80 37°6 37°31 35:8 36°86 38-10 
TiO, 0-03 0°37 0-33 0-00 2-13 0-09 
Al,0, 20°65 20°5 21-46 20°8 19-95 20-89 
Fe,0; 0°50 1-6 0°18 _ 057 1-77 
FeO 25-87 25-7 25-68 25-3" 25-46 24:32 
MnO 12-41 0-58 4:39 17-2 3-06 0-33 
MgO 0°60 3+ 2-12 0:38 2:39 4:27 
Cad 3-35 10-2 8°80 0-44 9°28 10°53 
Total 100-21 99-7 10029 99-91 99-86 10°30 
aUtal luv 41 Zi JU 
n 1-813 1-792 - ~ 4-802 
D _ 3-99 _ _ _ 7 
a(A) 11°590 11-617 _— — 11°624 

Numbers of ions on the basis of 24 O - 
Si 5-979]... 5948], 5-913 5-905 5-872 5-942 
Al son 8 00 oose 8 00 0-087 0.098 [6:00 0.138 [6:00 o.089 | 6-00 
Al 3-934 3-771 3-922 3-949 3618] 3-782) 
Fe** 0-061 £ 4-00 0-190 0-021 _ 0068 13-94 0-208 14-00 
Ti 0-004 | 0-044| 0-039 | — 0-255; 0-011 | 
Mg 0145 0-731 1 0:501 7 0-093 7 0-567 1 09927 
Fe?* 3515 ge 3°400 3-404 3-490 | 3-392 L 3-172 
Mn 1-708 [°°95 9-078 0°58 2-403 [5°06 9.413 15°96 9-044 15°97 
Ca 0-583 | 1-729 | 1°49 0-078 | 1-584 | 1-760 | 
Mol per cent end-members 

Almandine 591 57°3 56:6 56-4 55-2 0 
Andradite 15 4-8 _ _ 18 1 
Grossular 8:3 24:3 24°6 1:3 25°9 3 
Hydroandradite — — — — — 
Hydrogrossular — _ _ _ _ 
Pyrope 2°4 12:3 8°4 16 99 16°7 
Schorlomite — _ 0°5 _— — 0°2 
Skiagite _ _ _ = _ _ 
Spessartine 28-7 13 9°9 40-7 72 0-7 
Uvarovite _— _— _— — _— 





31 Almandine-spessartine, granitic aplite cutting tonalite, Nambrone Valley, Adamello massif, northern Italy 
(Callegari, 1966). 

32 Garnet, eclogite (Group C), Tiburon Peninsula, Sonoma County, California (Coleman ef al., 1965). 

33 Garnet, garnet - biotite-epidote- hornbiende gneiss, Camas Baravaig, southeastern Skye (Matthews and 
Cheeney, 1968). (Includes H2O™ 0:02.) 


24 Almandine-cneccartine 
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35 Garnet, Lewisian ultrabasic hornblende gneiss, South Morar, Inverness-shire, Scotland (Lambert, 1959). 
(Includes Na2O 0°12, K20 0:04.) 


36 Garnet, eclogite, North Haakon VII Land, north Spitzbergen (Gee, 1964). Anal. J. H. Scoon. 


Garnet Group: Almandine 543 






























































37 


39 


41 
42 


37 38 39 40 41 42 
38°6 35°80 36°38 38°14 39-6 38°05 SiO, 
— 0-12 0°27 0°22 0°16 tr TiO, 
21-7 20°39 19°42 22°16 22:3 21°73 Al,O3 
— 1°68 1:08 0°64 1:3 0°31 Fe,0; 
24°5* 23°15 22:23 22°80 21:9 21-08 FeO 
0°5 11°36 18°42 0°53 1°35 4:26 MnO 
4-0 0°89 0°82 5-92 lil 4°58 MgO 
ii-0 6°21 0°56 5°60 3i 9°57 Cad 
100°3 99°60 99°28 100°20 100°81 99°80 Total 
1-778 _ — 1:780 1:778 1:775 n 
— 4:06 — _— — 3:99 D 
11°619 11°610 11°57] 11:569 11-5324 11°610 a(A) 
5-992 5°843 6:018 5885 5-938 5-937 Si 
0-008 {6-00 0.157 [600 — | otis [600 0.062 600 a oes S 00 Al 
3-963 3-766 | 3-787 | 3-916 ] 3-880 | 3-933 | Al 
— 0:206 +399 0°134 13°96 0:074 14:12 0-147} 4-05 0°036 13-97 Fe>* 
— 0-015] 0-034 | 0-026 | 0-018 | — | Ti 
0:925] 0-216 0:202 | 1:361 2°481 1 1:065 Mg 
. . . . . 7 Fe?* 
S181 00 219 boor 206 L596 292 so5 27550 278i 50g Far 
1°830 | 1-086 | 0:099 | 1°587 | 0-498 | 1 600 | Cc 
§2°7 §1°0 49-3 48:9 46°6 45°8 Almandine 
_— 5-0 1:7 1°5 3-7 0:9 Andradite 
30°7 13-3 — 25-0 47 25°6 Grossular 
— — —_ _— _— Hydroandradite 
_ _— — — 0:3 Hydrogrossular 
15°5 3°7 23-0 42:1 17°9 Pyrope 
0:2 0-4 — _— Schorlomite 
_ —_ — — — Skiagite 
1-1 26°8 1:2 29 9°5 Spessartine 
— — — — _ Uvarovite 





Garnet, garnet- pyroxene- amphibole metabasic rock, near Bainas, western Galicia, Spain (van der Wegen, 


1978). (Microprobe anal.) 


Almandine, garnet- pyroxene rock, Lewisian gneiss, southwest Iona (Howie, unpublished). Anal. J. N. 


Waish. 


Almandine-spessartine, cavity in rhyolite, Thomas range, Utah (Miyashiro, 1955). Anal. H. Haramura 
Gnecludes H,07 0-1) 
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Garnet, amphibole eclogite, Halvneset, E. of Allmenningen, Nordfjord, western Norway (Bryhni et a/., 


1969). Anal. P.-R. Graff (includes Na2O 0:05, K20 0:05, P20. 0:09). 


Garnet, cordierite- garnet -sillimanite hornfels, Emery Hill, Cortlandt, New York (Barker, 1964b). 
Almandine porphyroblast in quartz- glaucophane- stilpnomelane schist, San Bautista mine, Santa Clara 


County, California (Hutton, 1962) (includes H2O* 0:07, H,O™ 0°15). 
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Table 55. Almandine Analyses - continued 















































43 44 45 46 47 48 
SiO, 39-50 36°54 39°23 40:3 38°82 37°75 
TiO, 0-16 0:25 — 0°33 0°40 0:14 
Al,O, 21°53 19°80 20°74 21:7 23-91 19°36 
Fe,0, 1-05 2:25 2:00 — 0-09 2°68 
FeO 20°91 19°65 19°64 18:7" 17°54 14-63 
MnO 0°66 17-01 0°32 Q:24 0:35 11-06 
MgO 7°85 2:13 7°84 8°40 8-40 2:28 
CaQ 8-34 2°80 9:98 10°1 11-04 12:04 
Total 100-0 100°43 99:75 100-08 99-85 100-14 
n 1:773 1-810 — 1769 1-766 — 
D 3°93 4:14 — — — 3971 
a(A) 11°59 11°590 — 11°564 — 

Numbers of ions on the basis of 24 O 
Si 6017} 5911} 6-004 | 6-079 | 5°863 | 5-992 } 
Al — | 0-089 | 6°00 | — | 0:137 | © g-o9g | 00 
Al 3'866 3°686 | 3°74] l 3-858 | 3-959 3-614 
Fe?* 07120 + 4:00 0:274 + 3-99 0-230 +397 —  +3-90° 0:010 + 4-037 0-320 + 3:95 
Ti 0-018 0030 — | 0-037 | 0-045 0-017 | 
Mg 1:782 | 0513 | 1-788 | 1888 | 1:891 | 0°539 | 
Fe?* 2664 | cq 2°658 | eog 2°514 L og 2°359 Leg, 2°216 L og, 1942 |. 
Mn 0-085 [5°89 2-331 5°99 9-041 [5°98 0-031 [9°9! 0-045 75°94 1-497 [9°02 
Ca 1-361 | 0-485 | 1-637 | 1-632 | 1:787 | 2:048 | 

Mol per cent end-members 

Almandine 45:2 44:0 41°8 38-8 36°7 31-1 
Andradite 3:1 64 5°8 — — 8-1 
Grossular 20:0 1°3 21°7 27'°9 29°7 26°5 
Hydroandradite — _ _ _ _ _— 
Hydrogrossular — _— _— — _ _ 
Pyrope 30°3 8-6 30:0 32°6 32:2 9+1 
Schorlomite — 0°5 — — 0°3 _— 
Skiagite _— _— _— _ _ —_ 
Spessartine 1°4 39°2 07 0°5 07 25:2 
Uvarovite _ — _ 0:2 0°4 
© Includes Cr>* 0-008. 
4 Includes Cr°* 0-016. 
43 Garnet, garnet -pyroxene-hornblende-scapolite gneiss, Mampong, Ghana (Knorring and Kennedy, 1958). 


44 


45 
4 
47 


45 


Anal OY unn Unanesing 
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Almandine-spessartine, regionally metamorphosed iron formation, Quairading district, Western Australia 
(Davidson and Mathison, 1973). Anal. L. R. Davidson. 

Garnet, dark-coloured eclogite, Sauviat-sur-Vige, Haute-Vienne, France (Coffrant, 1974). 

Pale orange garnet in diamond, Urals (Sobolev ef a/., 1971). (Includes Cr2O 3 0°07, Na2O 0°22, K,0 0:02.) 
Garnet, eclogite, Bielice, Sudeten Mountains, Poland (Smulikowski, 1964). (Includes Cr203 0°13, V203 0°03, 
H.,0° 0:04.) 


(Includes Na2O 0°15, K20 0:05). 
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contact aureoles of the Nain anorthositic complex and 25 analyses of almandines 
from regionally metamorphosed rocks in British Columbia have been reported by 
Fletcher and Greenwood (1979). 

The name skiagite was proposed by Fermor (1926) for the garnet end-member 


molecule havine the camnocition Fe2tRe3tSi.0., and was helieved by Fermor to 
BLEWIV UI AAG VALI, Lili EEO a ws aw 2 WagZwi2 CALLIN YFMO WNIT BA wh Asay 


amount to almost 20 per cent in an iron- manganese garnet from Glen Skiag, 
Ross-shire, Scotland. However, a new analysis of a garnet from the same locality 
(Table 55, anal. 34) using the electron microprobe, combined with *°’Fe 
Mossbauer spectroscopy (Fig. 239a, p. 481) which demonstrated that the iron is 


virtually allin the divalent ctate chonwaed tha tthe Glan Chiag garn ef miict nronerly 
Valluais o CAL LEA CLIN MELVILLE State, snowea us lat LLIN qien YVNIAS &a! ner must Ft wpwlay 


be termed an almandine (or almandine-spessartine). Virgo and Yoder (1974) con- 
clude that the absence of the skiagite molecule in garnets from the type locality 
can be taken to suggest that it may not occur in nature. In Table 55, only two 
garnets recalculate to give any skiagite molecule at all, one of these (anal. 39) 


haing fram a rhunlitic cavity and thie hlkelu ta hava enffarad minnar avidatinn 
UVelllgs LIvilbla aay Wiltinw vavily GAM LELUD AIAnNIY CV MGAVY SOULILNIUU LAI) VAIUALIVEL, 


The trace element contents of almandines have been investigated by DeVore 


(1955a, b), Howie and Subramaniam (1957), Lambert (1959), Engel and Engel 
(1960), Turekian and Phinney (1962), Albee (1965b), Taylor ef al. (1969), 
Korsman (1975) and Irving and Frey (1978). Taylor et a/. showed that Ni and Cr 


ara fairly law 1 an almandinac fram cama palr albalina : tNaniic rarckbe tha agarnate af 
are rairmy 10W iff aamandaines 1rOmM Some CaiC-aixaiine igneous rocns, une Barner Oo: 


which have fairly high V/Ni ratios compared with, for example, eclogitic garnets, 
showing that these almandines are not residual garnets from an eclogitic parent. 
The amounts of V, Cr and Y + Yb in several Norwegian almandines were deter- 
mined by Oftedal (1967). The use of fission-track measurements for age deter- 


natinn danande an the ynranin Mm raAntant af the ewank nr minara lThaing Aatan: for 


mination UL PUlluy Vil tne ul anium LVLILUlll Ul tne PUUR UI LILIA VULLIE see og 

almandine-pyrope the uranium content ranges from 1:76 x 1078 to 21:4 x 107° g/g 
(Lal et a/., 1976). The almandine/ matrix data of Irving and Frey (1978) show that 
partition coefficients for individual rare earths, Hf, Sc, Co, Cr and Thare up toa 
factor of 10 higher than for pyrope/host partition coefficients (see also 
Qanhnatglar anA Dhilnnatte 1OQTD): thea ware zarth Knattarne far almandAinac feam pralr 
WEEIEIVLZIVEI QLIU EF LLIULio, LAU, LIN LALOC-CALLII paltel AIS TUL ALITIGIIULLIUS LIULII Lalo 


alkaline volcanic host rocks show marked negative Eu anomalies (Fig. 263) but an 
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Fig. 263. Chondrite- normalized rare-earth patterns for almandine-rich garnet megacrysts from calc- 
alkaline volcanic host rocks (after Irving and Frey, 1978). 
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almandine-pyrope (Alms¢Py24SpsGr,2And,) from a hawaiite does not. An 
almandine-spessartine (Alm63.3Py\5.sSpig-eAnd2..¢) from an alaskite dyke near 
the Kiglapait layered intrusion, Labrador, is strongly enriched in heavy rare 
earths (# 5 000 x chrondite values) and in Y, Sc and Co. 


Zoning. The increasing use of the electron microprobe has led to the recogni- 
tion that although uniformly coloured and usually isotropic, almandines fre- 
quently show chemical zoning. This was demonstrated by de Béthune ef al. 
( 1965), Atherton and Edmunds (1966), Harte and Henley (1966), Blackburn 


(1040 na tT Ri aT4L almandi nfer al 
(1969) ana LOpez Ruiz (1976) for aimanaines oF regional metamor phism, which 


show an antipathetic relationship between Fe and Mn, the normal zoning show- 
ing a Mn-rich core and an Fe-rich margin. The distribution of Fe, Mg, Ca and Mn 
within individual zoned almandines of medium to high grade regionally 
metamorphosed pelitic rocks has been studied in detail with an automated elec- 
tron microprobe (Tracy e¢ a/., 1976; Thompson ef¢ a/., 1977) and is consistent with 
variations predicted for the Fe-Mg-Mn continuous reactions taking place at 
each metamorphic grade, though for a large garnet from the Gassetts schist, Ver- 
mont, the variation in Ca, Mn, Mg and Fe could be interpreted in terms of initial 
bedding modified by subsequent rotation during deformation (Thompson etal., 
1977). In such rocks of central Massachusetts, the zoning is generally ‘normal’ in 
the sense of Hollister (1966), with cores relatively rich in Ca and Mn and the rims 
richer in Fe and Mg (in the range almandine 70-88 mol. %), but differs in the 
higher grades in having rims richer in Mn and poorer in Mg than the cores (still 
with almandine 72-77 mol. %). Similar zoning, with Mn- and Ca-rich centres and 
Mg- and Fe-rich margins was demonstrated by Leake (1967) for igneous 
almandine-spessartines. This disposition of the Mn/Fe ratio in metamorphic 
rocks is now widely recognized (Fediukova and Vejnar, 1971; Addy and Ypma, 
1978) as indicative of prograde metamorphism, and the reverse trend with the 


rims richer in Mn than the core has been taken as evidence for retrogressive 
metamorphism (Grant and Weiblen, 1971; Amit, 1976). It must not be disguised, 
however, that compositional zoning in almandine is often more complex than can 
be discussed in these simple terms, e.g. Desmons ef al. (1977) have reported that 
for some almandine-spessartines from the Grand-Saint-Bernard pass, 


Switzerland, the usual bell- shaped Mn- profile sometimes shows sharp border in- 
creases in Mn (reverse zoning) due to diffusion into the garnet of Mn freed by the 
beginning of resorption of the garnet; similarly the sudden jumps in the Ca- 
profile of these garnets are equated with variations in the availability of calcium 


due to destabilization of a Ca-bearing mineral (see also de Bethune ef al., 1975). 


The calcium zoning is independent of the mechanisms which produce zoning of 
Mn, Fe and Mg. When the zoning is relatively simple, the trends of the Ca zoning 
in almandine when considered in conjunction with the zoning in the coexisting 
plagioclase, can be used in the interpretation of the thermal history of the sample. 
From microprobe analyses of the constituent minerals of seven specimens of 
pelitic schists in Ontario, Trzcienski (1977) concluded that the Mn- Fe zoning in 


the almandines of these rocks is produced by the continuous reaction 


muscovite + chlorite + plagioclase + ilmenite + quartz ~ almandine + biotite + 
rutile + H,O 


where the garnet-chlorite equilibria outline a divariant envelope in the 


pseudobinary system MnO-FeO. At the staurolite- biotite isograd a discon- 
tinuous reaction occurs, giving an isobaric invariant point between chlorite, 
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garnet and staurolite in terms of temperature and composition. The garnet zoning 
in these rocks is thus shown to be a function both of temperature and initial 
Mn/Fe ratio. Although in many pelitic rocks garnet grows at the expense of 
chlorite, in highly aluminous rocks it forms at the expense of chloritoid and 


staurolite; where garnet is resorbed to produce staurolite the garnet loses Fe at its 


rim to staurolite, giving the reverse of normal zoning (Sivaprakash, 1981). 

The Fe-Mg zoning of garnets in an area of granulite facies metamorphism 
in British Columbia is related to the formation of cordierite in the biva- 
riant assemblage cordierite - almandine - quartz- plagioclase - orthoclase — biotite - 


ilmenite-— graphite. Hollister (1977) demonstrated that only the garnet composi- 


tion at the interface with cordierite can be considered to be, or have been, in 
equilibrium with the cordierite. From the reaction 


graph ite + biotite + quartz + almandine + sillimanite = cordierite + orthoclase + 
calcic plagioclase + ilmenite + CH, + CO, +H,O 


Mn and Fe are enriched and Mg and Ca are depleted in the remaining garnet as it 
is consumed. In these rocks no post-reaction exchange of Fe and Mg has occurred 
between the cordierite and the garnet. A similar modification of the bulk com- 
position of homogeneous garnets by exchange equilibria involving garne and 
cordierite for a somewhat lower grade garnet-staurolite-cordierite a 
has been reported (Woodsworth, 1977). 

It has been suggested (Galwey and Jones, 1962a, b; Hollister, 1966) that the 
zoning in almandines is an intrinsic feature of the growth mechanism and is con- 
trolled by the diffusion of ions to the garnet nucleus. Thus the volume surroun- 
ding each garnet crystal is rapidly depleted in scarcer elements such as 
manganese, which are preferentially incorporated into the growing garnet; these 
elements, therefore, become concentrated near to the centre of the crystal and 
diminish outwards, and this compositional zoning results in a reciprocal increase 
of (Fet+Mg) to make up the R* requirement of the garnet formula. Diffusion 
models for zoning in garnets have been further discussed by several authors. 
Anderson and Buckley (1973) proposed models which allow for original in- 
homogeneities in the host rock and which could explain why single hand 
specimens may show such a variety of zoning profiles within the garnet. For 
almandines with a consistent | zoning profile, Loomis (1975, 1978a, b, 1979) has 
developed reaction models which depend primarily on mass balance calculations, 
the major compositional change being represented by the variation of the Mg/Fe 
ratio from core to rim. The consistent composition of the garnet cores and the 
compositions of biotite and sillimanite trapped in the garnet define the topology 


of the initial assemblage: the > compositions of the final product phases, hercynite 
and cordierite, vary only slightly. Loomis considered the overall reaction in three- 
component reactions; the rate of one of these through time can be estimated from 
the garnet zoning profiles and the relative abundance of product phases used to 
estimate the absolute rates of the other component reactions. For the sample 
studied from the aureole of the Ronda high-temperature peridotite intrusion in 
southern Spain, the original assemblage was dominated by garnet -sillimanite- 
biotite- feldspar, the product assemblage consisting of cordierite-hercynite- 
feldspar; a plausible interpretation of the data is that the rate of dissolution of 
sillimanite was the rate-controlling process, and took place at a rate of 
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10-’- 10°* cm/year, one of the component reactions being quantified as 
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Imandine (rim) + 1-9 sillimanite > 0°05 cordierite + 2°6 hercynite + 0°28 
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From a study of almandine-bearing schist, Kretz (1973) established that infor- 
mation on the form of the growth-rate equation for such a garnet may be obtain- 
ed from data on compositional zoning in crystals of different size with an expres- 
sion for the rate of nucleation derived from the crystal-rose diagram. Three 


models for the rate of crystal growth and four for the rate of nucleation were later 


formulated (Kretz, 1974) and these in different combinations gave rise to ten 
models for the rate of crystallization. In the favoured models, the volume of 
almandine produced in unit volume of rock is a function of time raised to the 
power mm, where m lies between 3°5 and 5. In schists, the spatial distribution of 


eat nda nad the cize ttained he n et n a 
gar net iS ranaom and tne size attained oy at Ly g gar net grain was considered by 


Kretz (1966) to be unrelated to the distance from its nearest neighbour. Evidence 
for volume diffusion, during or after growth, was deduced from the distribution 
of Fe, Mn, Ca and Mg in smaller zoned almandines of regionally metamorphosed 
Moine sediments of the Morar region of northwest Scotland by Anderson and 


Olimnin (1097\> larger garnate fram the came rarclke ara mare hnmnagenan 
VIMPpIO (i777), 1arger garnets trom the Same rocks are more nomogeneous. 


The border fringes enriched in manganese and calcium around resorbed 
almandines, and the manganese-enriched zones along cracks in resorbed garnets 
and along intergranular boundaries in resorbed garnets with sieve textures, have 
been considered by de Béthune ef a/. (1975) to indicate a limited diffusion of Mn 
(and some Ca) into the garnet structure. 

The post-kinematic breakdown of almandine-rich garnets to symplectite con- 
sisting of plagioclase with biotite and/or hornblende was investigated by Misch 
and Onyeagocha (1976) who demonstrated that Na, K, minor Ba, H.O and some 
Ti were added to the garnets during this process, while major portions of the Fe 
and subordinate Mn were removed from the garnets; transfer of Mg, Al and Si 
was minor. The garnets associated with such symplectite coronas had 14-30 mol. 
per cent of the grandite molecules whereas a set of garnets from the same area but 
free of symplectite had only 6-9 per cent grandite component and were relatively 
richer in pyrope. These authors also considered the partition coefficients for Mg, 


tara tha garnate hintitas annam 
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Cation Distribution 


The partitioning of elements between coexisting minerals when adequately 
calibrated can be of considerable use in geothermometry and for measuring the 
degree of chemical equilibrium. Kretz (1959) described some of the features of 


element partitioning between garnet and other minerals. 


Garnet-biotite. The distribution of Mg and Fe between coexisting garnet and 
biotite can be considered in terms of equilibrium for the reaction 

Fe,Al,Si;0) 2 + KMg; Alsi 30i;0(OH), = Mg;Al,S8i;012 + KFe,;AIS1;0 1; 9(OH): 
almandine Mg biotite Mg garnet Fe biotite 


If these minerals behave as ideal solid solutions 
In K, = In(Mg/Fe)°'/(Mg/Fe)® = -'4 AG °/RT(°K) 


where K, is the distribution coefficient and AG® is the change in the standard 
free energy of the reaction (see, however, Dallmeyer, 1974a). 


OO MA OS™ 


Systematic studies of the variation in KyFe/Me have been reported by Lambert 


(1028@0 Tenn. L4TALY. oO lane = seks L 
(1959), Frost (1962), Phinney (1963), Kretz (1964), Albee (1965a), Perchuk 


(1967a, b), Saxena (1968), Gorbatschev (1968), Sen and Chakraborty (1968), 
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Dahl (1968), Matéjovska (1970), Lyons and Morse (1970), Dallmeyer (1974a, b), 


17 - 91, 41 OFFN 


Misch and Onyeagocha (17/0), Goldman and Albee (ly//), Krogh and Raheim 


(1978), Baltatzis (1979b) and others. 
In an early study of garnet-biotite pairs from 36 assemblages of which the 
metamorphic grade was believed to be known, Frost (1962) showed that the 
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presence of manganese and probably calcium in the garnet had a considerable ef- 
fect on the Fe~ Mg distribution coefficient but that K, did enabie a reasonabie 
estimate to be made of metamorphic grade. The establishment of a garnet - am- 
phibole geothermometer (Perchuk, 1967a), led to the development of a 


garnet — biotite geothermometer by the same author (Perchuk, 1967b) calibrated 


Wawesey We aew es SAV Rw we 


against the earlier results; when tested against other assemblages this 
geothermometer gave for quartz-sillimanite gneiss (+ orthociase, hypersthene 
and cordierite) 780-660 °C, quartz~muscovite schist 670-500 °C, staurolite 
schist 625-480 °C, and chlorite-albite schist 430-360 °C, and put the Al,SiO; 
triple-point at 2 600 °C and < 5 kbar. Using analyses for similar coexisting pairs, 
Saxena ( 1968) found that | Kee Me [= (Fe/ Mg)*'/ (Fe/ Mg)"'] averaged 9:0 for rocks 
of the epidote amphibolite facies whereas for those that had crystallized in the 
higher P- 7 conditions of the upper amphibolite to granulite facies K, averaged 


5°6. Similarly, Matéjovska (1970) obtained a K,, value of 4:9 for coexisting garnet 


and biotite in the oranulites of Moravia. (It ‘hould he noted that if thece KX 


nd biotite in the granulites of Moravia. (It should be noted that if these K 
values are to be compared with others given as Kpig/rer the reciprocal should be 
used). From a study of the distribution of Fe and Mg in 18 coexisting 
garnet - biotite pairs from a Swedish migmatitic gneiss, Dahl (1968) showed that 
K,S3i, is dependent on octahedrally coordinated Ti** and Al** in biotite, and hac 


DMg/Fe 
a value of 20:27. 


Bauw wa 


The '°O/'°O ratios of several almandines from metamorphic rocks were deter- 
mined by Taylor and Coleman (1968) who obtained values for 6'8O/'*°O of 
8:2-9-6%,. In conjunction with oxygen isotope determinations on coexisting 


quartz- magnetite pairs, temperatures of 275-305 °C were obtained for Califor- 


nian garnet -glaucophane schists (assuming a pressure of 8-10 kbar) and results 


for garnets from the garnet, staurolite, sillimanite and orthoclase-sillimanite 
zones of regional metamorphosed pelitic rocks in Vermont gave 440-540°C, 
530-585°C, 530-605°C and 800°C, respectively. The 6'8O/'°O values for 


garnets in two Finnish migmatites were determined as 9-0 and 9°8 “bo relative to 
SMOW (Hoefs and Enctein 1960\ Garnet fram a metamarnhic nrofile in the 
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Alps gave oxygen isotope ratios (5-6%, ) which had been re-equilibrated during 
the alpine metamorphism; temperatures of recrystailization calculated from 
quartz- garnet isotopic fractionations gave 440-600°C (Friedrichsen ef al., 
1973). The Mg/Fe partitioning between biotite and garnet was correlated with 


189 169 m t 
it n the cama 
/ partitioning between coexisting quartz and magnetite in the same 


metamorphic samples by Goldman and Albee (1977). K, was found to be depen- 
dent primarily upon temperature but also on compositional variation, particular- 
ly Fe in biotite and Ca in the garnet. 

The effect of pressure upon the distribution is negligible in comparison with 


th Fant f ch tha 
the temperature dependence. However, the effect of manganese is such that 


KyMg/re becomes greater in these garnet - biotite pairs where the garnet is Mn-rich, 
thus projection to an arbitrary value of X M" (generally zero) is necessary before 
attempting to compare data for different metamorphic grades. After projection 
to Xf" = 0, Albee (1965a) suggested values for KoMe/Fe [i. e. (Mg/ Fe)?'/(Mg/ Fe)®'] 
in the garnet zone of 0° 20, staurolite zone 0: 215, kyanite zone 0°23, sillimanite 


and K-feldspar zone 0-3-0-37. Hietanen (1969) gave K,¢i/8.values of garnet zone 
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0°107-0°122, staurolite zone 0°106, kyanite zone 0°137, kyanite-sillimanite zone 
0°213 and siliimanite- orthociase zone 0:274. The corresponding K, values ob- 
tained by Baltatzis (1979b) were average garnet zone 0°13, average 


staurolite-kyanite zone 0°15 and average sillimanite zone 0°27 (Fig. 264), in 
NMioarce (1070) wh 


general agreement with the earlier results of L yons and se (1970), who a 


eneral agreement with the earlier results of Lyons an 
gave a value of 0°32-0°34 for all plutonic rocks. 

Data from natural garnet- mica pairs were combined with experimental results 
to refine this geothermometer further (Krogh and Raheim, 1978). In terms of the 
distribution coefficient K, = (FeO/MgO)“'/(FeO/MgO)Pr"s the calculated ther- 


mometer is given as TK) = 3 685 + 77°} P (kbar) Vln KK +2°59) Thelh inear 


MIVALiOes is Bi Jo) aa as Tr Joey. ane iinear®r 
relationship obtained for 30 kbar j is illustrated i in Fig. 265. The pressure effect ap- 
pears to be considerable, but if this relationship is combined with that of Fig. 266, 
a unique pressure and temperature of equilibration is obtainable. 

Purely experimental calibration of the partitioning of Fe and Mg between syn- 


thetic almandine (AlmgoPy2. and AlmooPyio) and synthetic biotite, 


K(Fe,Mg)3AlSi30;0(0H)2 at 2°07 kbar and 550-800 °C by Ferry and Spear 


(1978) gave in Kyuipen In{((Mg/Fe)“'(Mg/Fe)®'] = —2 109/ 7(°K) + 0-782 (Fig. 266) 


for the synthetic garnet of composition AlmooPyjo; the calculated relationship 
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Fig. 264. Distribution of Mg/Fe** for garnet- biotite pairs from different metamorphic zones (as 
delimited by Lyons and Morse, 1970) (after Baltatzis, 1979b). 
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Fig. 265. Ln KGYPh y, 1/7(°K) for garnet- phengite, illustrating a linear relationship at 30 kbar 
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(after Krogh and Raheim, 1978). 
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Fig. 266. Plot of In K = In ((Mg/Fe)°'/(Mg/Fe)™}v. 1/7(°K), from experimental work. The solid 
line is calculated from a least-squares fit to the data points (see inset). Size of boxes corresponds with 
+ §°C uncertainty in temperature and + 0-01 uncertainty in Mg/Fe®!, Dashed line is from Thompson 


given by Thompson (1976) is also shown in Fig. 266. A polybaric polythermal ex- 
pression for the Fe- Mg partitioning between almandine and biotite can then be 


formulated, using thermodynamic data. to give 
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12454 — 4:°662 T(°K) + 0°057 P (bars) + 3R 
b 


This equati 
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(AES+ Ti)/ HAL I! 

Spear, 1978). 
The distribution coefficients of Co, V and Cr between coexisting biotite and 

almandine in granulite facies rocks from Finland were studied by Korsman (1975) 
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who showed that the distribution of Co between the two phases is linear, with 


K,PS & 1°7; for V, K,®”° = 9-8. The K, value for chromium is uneven but a rela- 
tionship was apparent t between K,Bvc for Cr and atomic ratio Mg/ (Fet+Mg+Mn) 
of the almandines; this distribution coefficient decreases with an increase in the 
Mg/(Fe+Mg+Mn) value 
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id a oO 1- 
ponents fap to = 0:2 (Cat+Mn n)/(Ca a+MntFe+Mg) in garnet and 1 up to = 0: 15 
re: r + ) . 


Garnet - biotite-cordierite. The distribution of elements between the three 
phases almandine, biotite and cordierite has been investigated by a number of 


authors, including Gorbatschev (1968), Saxena and Hollander (1969), Okrusch 
(1971) and Giebovitskiy et al. (1972). Gorbatschev (1968) found that the distribu- 
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tion of Mn between garnet and biotite/cordierite deviates from ideality, implying 
a relative enrichment of Mn in garnet as the concentration of Mn rises. The 
distribution of Fe and Mg between garnet and biotite/cordierite was considered 
to depend on temperature and on Mg/Fe concentration. Saxena and Hollander 


(1969) suggested that among these three minerals cordierite is close to an ideal 


solid solution with respect to Fe-Mg distribution in the pressure-temperature 
conditions of the epidote-amphibolite facies but may be non-ideal (or in dis- 
equilibrium) in the P- 7 conditions of the upper amphibolite or granulite facies. 


That the Fe- Mg distribution among these minerals is determined by temperature 


rather than pressure was established by Giebovitskiy et al. (1972) who attempted 


to establish a geothermometer from the compositions of these coexisting phases. 
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Garnet - biotite-cordierite equilibria from a thermal aureole were studied by 
Okrusch (1971) who showed that with increasing grade all three minerals became 
richer in iron; this trend is accompanied by a general increase in grain size and 
modal amount of garnet. 


Garnet-cordierite. The exchange of Fe and Mg between natural coexisting 
garnet and cordierite was investigated by Currie (1971) who showed that this 
distribution is highly favourable for a geothermometer and barometer because 
the exchange reaction is insensitive to pressure. Thermodynamic analysis led to 
the experimental calibration of the thermometer using cordierite of intermediate 
composition and gave the equation 7(°K) = 4 515/(6°37-InK) where K = 
(Mg/Fe)°°4/(Mg/Fe)“. This led to temperatures of 600-750 °C and pressures of 


. . = — anita... om art anaiccac An avnorimoan 
5°7-6°7 kbar for cordierite- garnet - sillimanite~ quartz gneisses. An experimen- 


tal study of the stability of cordierite and garnet enabled Hensen and Green 
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(1971) to calculate the distribution coefficients Kp yi [Kp = 
(Mg/Fe)°°"¢/(Mg/Fe)“] of 4:°2-5:2 at 900-1000 °C and 8:1-9- 6 kbar. Woo 
(1973), however, has shown that the partition of Fe and Mg between cordierite 


tla th +l fl; 
and garnet depends also on P,, ,. This would reconcile the apparently conflicting 


experimental data on the values of K,. Thus in Fig. 267, values are also plotted 


for P,, . 1 and 3°3 kbar (with the assumption that the results of Hensen and Green 
represent anhydrous conditions whereas for those of Currie P,, , is taken as 
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coexisting garnet and cordierite with temperature in the cordierite- garnet- 
sillimanite- quartz assemblage was emphasized later by Currie (1974). The effect 
of Mn on this assemblage also has a considerable influence on garnet stability, 
and Weisbrod (1974) concluded that it is difficult to use coexisting garnet and 
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ordierite as indicators of metamorpnic Conditions. 
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The compositions obtained by electron microprobe analyses of adjacent 
garnet-cordierite pairs were plotted by Thompson (1976) for New England 
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Fig. 267. The temperature dependence of K,, for Fe/Mg between coexisting almandine and cor- 
dierite at different values of Py 9. The line labelled ‘anhydrous’ is a least-squares fit to the experimen- 
tal data of Hensen and Green (1972). The 6-8 kbar line is taken from Currie (1971). The point x is the 
intersection of the projections of these lines from log Kp - Pyy,0 - 1/T space onto the 1/T- log Kp plane 


(after Wood, 1973). 


Garnet Group: Almandine 553 
pelitic rocks together with data from Osberg (1971) and the K, relationship 


against temperatures (Fig. 268) estimated on the basis. of 
mica - feldspar - Al,SiO;- quartz phase relations (Thompson, 1974). Further ex- 
perimental work on this relationship has been presented by Holdaway (1976) and 


Holdaway and Lee (1977). According to Holdaway and Lee, garnet is only stable 


with cordierite at relatively low pressures and when the garnet has appreciable Mn 
eon tan A f. 4h eoeaeeeeanicsa -f INA, 


or Ca content. A further reappraisal of the Hensen and Green (1973) 
pressure - temperature grid has been given by Schreyer and Abraham (1978). 


Garnet-chlorite. The value of K,,,,,;, between almandine garnets and chlorites 
in kyanite zone pélitic schists has ‘been studied by Albee (1965b) who fo und that 
the variation could be attributed to differences in the Al-content of the chlorite 
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Fig. 268. Plot of in Kp Fe/Mgl= (Fe/Mg)“/(F e/Mg)“4] for coexisting garnet and cordierite. Values 
were obtained from natural assemblages (solid squares) using the data of Osberg (1971, 500°C), 
Richardson and Thompson. The experimentai data of Hensen and Green (1971, 1972) -solid circles, 
and Currie (1971)- open circles, together with their estimates of precision are also given (after Thomp- 
son, 1976). 
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Fig. 269. Distribution of Mg-Fe between garnet and chlorite. Open and solid circles represent 


samples from greenschist and epidote- amphibolite facies, respectively. X G=" = Mg/(Mg + Fe) in 
garnet, and X ae = Mg/(Mg + Fe) in chlorite (after Kamineni, 1976). 
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The distribution of trace elements between these two phases was also in- 
vestigated: Co, Ni, Cr, Zn, V, Ga, and Sc partition ratios could prove to be valid 
temperature indicators but more data are needed over a wider range of 


temperatures. The distribution of Mg- Fe between coexisting garnet and chlorites 
hac aleg heen ctiudied hv Ernct (19064) Atherton (19068) Rrown (1060) and hv 
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Kamineni (1976). The latter recognized two distribution trends (dependent on 
temperature or metamorphic grade), and found that for greenschist facies, K, = 
(Mg/Fe)“'/(Mg/Fe)™ = 0-057, and K, = 0°134 (Fig. 269) in the epidote-am- 
phibolite facies. The Mn distribution between garnet and chlorite defines approx- 
imately a linear pattern. The distribution coefficients between the three coexisting 
minerals garnet, chlorite and chloritoid were investigated by Albee (1965b), who 
found that Kpyi,Sh is 40 per cent lower and K Maite + re 18 20 per cent higher in the 
biotite- garnet-chlorite assemblage than in the chloritoid-garnet-—chlorite 
assemblage. The distribution of trace elements between garnet and chloritoid was 
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Garnet-staurolite. The distribution of Mg and Fe between garnet and staurolite 
was Studied by Perchuk (1969) on the basis of more than 20 pairs of published 
analyses, including 13 assemblages also with analysed biotites; a preliminary 
geothermometer is given in Fig. 335, p. 830. 


Garnet- olivine. The X, for Mg-Fe between garnet and olivine was investigated 
by Kawasaki and Matsuj (1977), using both published analvtical data and ex- 
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perimental results, and by ONeill and Wood (1979) using linear regression of ex- 


perimental data. For further reference to this Kp see the olivine section (p. 04). 


Garnet-amphibole. The Mg/Fe distribution coefficient between garnet and 


hornblende was studied for 20 coexisting mineral nairs by Frost (1962) and fur- 
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ther investigated by Saxena (1968); the latter found that the distribution coeffi- 
cient 


anihlite fariec terra ns whereas K for 
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garnet-hornblende pairs from the epidote-amphibolite facies was 9:0. The 
breakdown of calcic almandines in upper amphibolite facies gneiss to a symplec- 
tite of plagioclase plus hornblende and/or biotite (Misch and Onyeagocha, 1976), 
involved the grandite content of the garnet increasing from less than 10 mol. per 
cent in the unaltered garnet to 15-30 mol. per cent in those with a symplectite 
corona and was accompanied by a decrease in the Fet+Mn of the garnet; both 
hornblende and biotite systematically have much higher X\,, values than the 
associated garnet and an overall correlation betweem X,,, in garnet and horn- 
blende was also noted. _Coexisting garnets and sodic amphiboles (and pyroxenes) 
analysed by Black (1974) did not show any great regularity of partitioning 
perhaps due to the complexity of the amphibole site occupancies and to the uncer- 
tainty of the Fe*/Fe** ratios; the garnets are, however, all clearly much more 
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Garnet - orthopyroxene. The distribution of Mg nd Fe between almandine and 
orthopyroxene was studied by Kretz (1961) an d Sa xena (1968) who both found 
that in addition to K,,. ,,, being a function of pressure and temperature, it is also 
a function of the Mn content of the garnet and thus tends to increase as Mn 
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follows Fe: for garnet granulites KppeMe = 2:2-2°6. An empirical study of the 
Fe?*/Mg/Mn distribution in garnet- orthopyroxene pairs from the Quairading 
iron formation by Davidson and Mathison (1973), however, demonstrated that 


the Fe?*/Mg distribution is independent of the Mn content. 


From experimental work on the solubility of alumina in or 


crystallized in equilibrium with garnet, Wood (1974) has derived 
equation: 





cupied by Ca, %,, = Fe**/(Fe** + Mg)o,., XM! = fraction of M1 sites in or- 
thopyroxenes occupied by Al. For two almandine- orthopyroxene pairs from the 
Madras charnockite series (Table 55, anal. 28) conditions of 8-12 kbar, 
800- 900 °C were derived. Powell (1978), by applying further thermodynamic 


ata of Wood, gave: 


vue 





where K, = (Mg/Ca)“'/ Me/caponn 


O’Hara and Yarwood (1978) have used this and other equations from Powell 
(1978) and also those from Wood (1976), together with various pressures derived 
from clinopyroxene- garnet relationships, to compare the results of 
garnet - pyroxene geothermometry and geobarometry by various methods; they 
conclude that although some of the temperature estimates are plausible few of the 
calculated pressures are credible. For some of the garnet - pyroxene gneisses from 
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Scourie the best temperature estimates seem to be in the range 1050-1250°C at 


15+ 3 kbar. 


Garnet-clinopyroxene. The Mg-Fe distribution between coexisting clino- 
pyroxene and almandine garnet in rocks of the granulite, blueschist, and 


mlrawitn Fa nincn mee +wactinsn aA Ook Gan wanan 41QL0\ kB Cox/Gt ae 
eclogite facies has been investigated by Saxena (1968). pet Tie. 


(Fe/Mg)°"*/(Fe/ Mg)“] for the blueschists is 0-044 whereas its average value for 
the granulite facies is 0°138, this change being attributed mainly to the variation 
in temperature (and to a lesser extent, pressure); see also Saxena (1969b, 1979). 
The distribution of Mg, Fe, Mn, Ni, Co, and Zn between coexisting garnet, 
clinopyroxene and or rthopyroxene ina Norwegian eclogite has been examined by 


Matsui et a/. (1969). A thermodynamic approach to the Mg- Fe partition between 
coexisting garnets and clinopyroxenes, as illustrated by the exchange reaction 


CaMgSi20. + FeAl2,SiO4 * FeCaSizO. + MgAlz, SiO. 
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d yY vKa and Matsumoto ( (1974) wno conciudeda tnat 
variation in K, can be partly explained by compositional dependence and the 
non-ideality of both the garnet and the pyroxene solid solutions. The major- 
element partitioning between the garnets and sodic pyroxenes of the blueschists 
of the Ouegoa district, New Caledonia, was studied by Black (1974) who showed 


that it t thik talli t 
that it is regular, suggesting equilibrium crystallization; the almandines always 


have a very much higher Fe/Mg ratio than the clinopyroxenes. 
An experimental determination of the P- 7 dependence of the Fe- Mg parti- 
tion coefficient for coexisting garnet and clinopyroxene was performed on a 
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mineral mix and on glasses of tholeiitic composition over the ranges 600- 1500 °C 
and 20-40 kbar (Raheim and Green, 1974b). For 6:2 < 100 Mg/(Mgt+Fe”*) < 85, 
the bulk composition does not perceptibly affect the K, value. At 30 kbar, the 
Ko Ser[i.e. (Fe/Mg)'/(Fe/Mg)°*] value ranges from 18-0 at 600°C to 1°45 at 


D Fe/Mg 
1400 °C defining the linear relationshin in a In K.. v. 1/TCK) plot (Fig. 270), 
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given by In K, = 4639/7(°K) -2°418. The effect of pressure, temperature and 
chemical composition can be expressed by the relationship 


or more conveniently from Fig. 271, the temperature of crystallization can be ob- 
tained when the K, value is known and a pressure estimate can be made. The 
pressure dependence of K, for such garnet-clinopyroxene pairs in the 
temperature range 1100 to 1400°C and pressures between 20 and 45 kbar (Fig. 


272) has been determined by Wood (1976); see also Wood (1977). The use of such 


geobarometers has been discussed by O’Hara and Yarwood (1978) who found 
some of the results less than satisfactory. 

A critical review of the available thermodynamic mixing data for garnet and 
clinopyroxene was integrated with thermochemical and selected experimental 


hy amafFfintant hatwraan 
data by Ganguly (1979) to express the Fe-Meg distribution coefficient between 


these phases as a function of pressure, temperature, and composition. The 
predicted compositional dependence of Ky fee agrees with the available ex- 
perimental and observational evidence and gives temperatures for equilibration 
that are in general agreement with other reliable temperature estimates; the latter, 
however, are often in disagreement with temperatures determined on the basis of 
the Raheim and Green (1974b) calibration. Based largely on the experimental 
work of Wood (1976), two expressions of K, as a function of P- T- X are given 


by Ganguly (1979): for 72 1333 °K 
In K, = [(4 100 + 11-07 P)/7-2-400] + In w 
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Fig. 271. Kn See ® as a function of pressure and temperature. Eclogite, garnet granulite and gabbro 


fieids from Green and Ringwood Viz (arter Raheim and Green, i9 74D). 
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Fig. 272. AD as a function of pressure at 1100, 1300 and 1400 °C (after Wood, 1976). 


and for T< 1333 °K 
In K, = [(4 801 + 11°07 P)/T-2-930] + In w 


where P is in kbar and yw is defined: In w = 1 586 (+180)(X)&/T + 1 308 
(+215)(X)3 ft + (Waasa~ Woisg(XGP)/ RT. The values of Ware uncertain so this 


seothermometer i is onlv usable where thev can he neglected. . for Na-poor com- 
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positions. Where it is not evident which of these two expressions is to be used 
(Fig. 273), the one which yields a higher temperature should be accepted. Note in 
this scheme, the distribution coefficient K, involves FeO for garnet and 
clinopyroxene; if Fe total ‘eunpaiet as FeO is used, as is often done when the 


valence state cannot be distinguished in microprobe an 1alyses the estimated 
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Fig. 273. Ln Ky Fe/mig V. 1/T fitted and extrapolated to the themochemically derived In K,,. P is in 
kbar (after Ganguly, 1979). 


temperature would be subject to an additional error. Other uncertainties are 


discussed by Ganguly (1979); see also Saxena (1979) and Bohlen and Essene 
(1980). 


Garnet- plagioclase. The distribution of Ca between garnet and plagioclase was 
discussed by Dahl (1972) but judged unsuitable as a geobarometer as this parti- 
tioning is dependent on the Mp/Fe ratio of the garnet. However, the equilibrium 
reaction 

3CaAl,Si.03 = Ca;Al,S13;0;2 + 2 Al,SiO; + SiO; 

plagioclase garnet kyanite quartz 


has been studied by Wood (1977) who suggests that (Ca,Fe)3A12Si;0;.2 garnets 


with up to 30 mol. per cent grossular component are approximately ideal in their 


solid solution behaviour and have an activity coefficient for the grossular compo- 
nent which is dependent on the Mg/Fe ratio of the garnet and varies linearly be- 
tween the values for binary (Ca,Mg)3Al1,Si;012 and (Ca,Fe)3A12Si30;2 solid solu- 
tions, giving a useful cross-plot for pressure-temperature determinations of 


suitable assemblages (see Fig. 282, p. 582); see also Tracy ef al. (1976) and 
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Cressey et al. (1978). 


Garnet-liquid. The partitioning of La, Sm, Dy, Ho and Yb between almandine- 


pyrope and andesitic and basaltic liquids has been studied experimentally by 
Nicholls and Harris (1980) who found that D°v'9 values show an inverse 
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dependence on temperature. For andesitic liquid at 940°C, D,,, = 44 whereas at 
1420°C, Dy, falls to 12. DG's shows a negative correlation with temperature 
and a positive correlation with the grossular content of garnet. Further work on 
the partitioning of Sm, Ce, and Tm between garnet and andesite melt has been 
reported in detail by Anted and Roettcher (1981). 


WP VL UN bak EWG PRP Uwe Heasne arwwtiweswn LAs 


Experimental Work 
Although for many years all attempts at the artificial production of almandine 


saree 


failed, Coes (1955) and Yoder (1955) were able to effect its synthesis. The former 
found that, using kaolin, Fe.O3, SiO. and FeCl..4H.0, the best conditions for its 
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formation were 10000 atm and 900°C, while Yoder, starting from a glass of the 
requisite composition and a mix of ferrous oxalate dihydrate, y-Ai,O; and silica 
glass, determined the upper limit of thermal stability up to the same pressure. 
Yoder found that the univariant curve for the reaction 


5 almandine + 2 iron-cordierite + 5 fayalite + hercynite 


passes through the points 1030°C- 10000 bar; 980°C -8 000 bar; 930°C -6000 
bar; 880°C-4000 bar; and 830°C -2000 bar. An extrapolation of this curve in- 


dicates that almandine would be stable below 785°C at atmospheric pressure. 


an turns hares TONNN 
Complete reaction was obtained in less than two nours at LU UUU bar, but ther rate 


fell off rapidly below 7 000 bar to nil at 1 000 bar. 

The upper limit of thermal stability of almandine was studied by Hsu (1968), 
and Keesmann et a/. (1971). Hydrothermal experiments in the pressure range up to 
3 kbar, varying the oxygen fugacities with the aid of the buffer technique, enabl- 
ed Hsu (1968) to show that both the upper and lower temperature stability limits 
of almandine are strongly f, -dependent. Thus at 2 kbar fluid pressure the stabili- 
ty field ranges from 540 to 900°C for the quartz-fayalite-iron (QFI) buffer 
whereas the range is reduced to 600-730°C for the quartz - fayalite- magnetite 


(QFM) buffer and i is no ) longer present at somewhat higher o oxidation potentials. 


composition consists of quartz + iron chlorite (+ magnetite) + fluid and the high- 


temperature equivalent assemblage is fayalite + iron cordierite + hercynite,, + 
fluid (Fig. 274a); at higher oxidation states, almandine transforms at high 


temperatures to quartz + hercynites + magnetite, + fluid (Fig. 274b). The sen- 
sitivity to oxygen fugacity is also illustrated in Fig. 275. For the Ni- NiO buffer, 
almandine has no stability field. The common geochemical association of 
manganese with iron, however, means that many natural almandines contain ap- 


preciable amounts of the spessartine molecule, and Hsu (1968) demonstrated that 


the stability of spessartine, in contrast to that of almandine, is essentially in- 
dependent of oxygen fugacity at least up to that defined by the 
magnetite- hematite buffer. Ganguly (1968) also showed that the substitution of 
Mn into almandine has a relatively great effect in promoting stability under high 
Po . The synthetic almandine has a 11°528 A, n 1°829; no systematic variations of 
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these values with respect to temperature, fluid pressure and oxygen fugacity were 
found. Compositions with 20 and 40 mol. per cerit Spessar rtine indicated linear 
variation between the two end-members. 

The Fe3Al2Si3;30;2-Mg3Al2Si;30,2-H2O system was studied at 2 kbar water 
pressure by Hsu and Burnham (1969), using the QFM buffer; no garnet in this 


system can be stable below 570 °C in ‘the presence of pure water; higher water 
pressures do not extend the stability field of almandine-pyrope. The contact 
metamorphic assemblage cordierite-amphibole-almandine has a large stability 
field at 2 kbar, but at higher temperatures the stable assemblage will consist of 
cordierite- almandine- hypersthene - spinel. 


The reactions studied by Keesmann et al. (1971) were at 10 kbar or higher 
pressures; at 10 kbar almandine meits incongruently to hercynite,, + quartz + li- 
quid and at 12-20 kbar the products are hercynite,, + liquid only (Fig. 276). At 
still higher pressures almandine melts congruently at temperatures of over 
1400°C, The lower temnerature stability limit of almandine in the presence of 
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water of low f,, and pressures of 15-20 kbar lies in the range 550-600 °C and is 
marked by breakdown to a hydrous assemblage involving chloritoid and an 
aluminous deerite (Keesmann ef a/., 1971); see also Ganguly and Newton (1968) 
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(a) Iron + quartz — fayalite buffer 
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Fig. 274. P,..,- T diagrams for almandine bulk composition: oxygen fugacity defined by (a) the 
quartz - iron - “Vayalite buffer, (b) the quartz-fayalite- magnetite buffer. Equilibria were 
demonstrated by reversal of reactions. All crosses indicate that phase(s) grew from mix in the respec- 
tive fields (after Hsu, 1968). 


and Ganguly (1972). Thus the stability field of almandine under low f,, is expand- 
ed greatly with increasing pressure: at 2 kbar in the presence of water it has a 


temperature range of around 350°C (Hsu, 1968) but this range increases to nearly 


RENO at 
850°C at 20 kbar, if it is assumed that water leaves the system before melting 
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takes place. 


Garnet Group: Almandine 561 


logi9 So, 





500 600 700 800 900 1 000 
T( °C) 
Fig. 275. Stable phase assemblages in the almandine bulk composition (Hsu, 1968). The isobaric 


point D, represents the highest temperature stability of the assemblage Fe-chlorite + magnetite + 
quartz (after Greenwood, 1976). 
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Fig. 276. Pressure- temperature plot showing the high-temperature phase relations of the composi- 
tion Fe,Al,Si,0,, between 0 and 25 kbar as determined experimentally in the presence of metallic iron 
(solid lines and heavy dots) and derived via Schreinemakers’ analyses (broken lines). Data at low 
pressures from Hsu (1968) and Schairer and Yagi (1952). Fa = fayalite, He, = hercynite solid solu- 
tion, Fc = ferrocordierite, Q = quartz (after Keesmann et al., 1971). 


In an investigation of the Fe- Al-Si-O-H system, with the composition of 
the fluid controlled by the QFM buffer, Richardson (1968) included the reactions 


6 Fe-staurolite + 25 quartz = 8 almandine + 46 sillimanite + 12 H20 (c) 
3 Fe-cordierite = 2 almandine + 4 sillimanite + 5 quartz (d) 
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The fluid pressure- temperature projections of these reactions are given in Fig. 


277. The equilibrium pressure for reaction (d) at 750°C was later found to be 
about 400 bar higher than Richardson’s determination (Weisbrod, 1973). The 
compositions in this system are very iron-rich, but the work of Rumble (1971) on 


a natural almandine-staurolite-chloritoid-quartz assemblage has vielded an 
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almandine with an Fe/ (Fe+Mg) ratio of 0°98 showing that such compositions are 


not necessarily rare in nature. Richardson (1968) noted that in natural 
assemblages the ratio Fe/(Fet+Mg) follows the scheme garnet > chloritoid > 
staurolite > cordierite. 


A thermodynamic treatment of th 
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was given by Dahl (1968) who calculated the heat of reaction as 49 kcal and A H, 
as 84:2 kcal/mol; the compositional variation of the garnet with oxygen fugacity, 


t lle the ORM hi ff, : ti 
aS COntrouea by ine Vrevi Ourrer, was found to be significant. Further ther- 


mochemical parameters were derived by Zen (1973) using one of the reactions 
studied (QFM buffer) by Hsu (1968): 
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Fig. 277. Praig ~T plot for the reactions 
(a) 8 Fe-chioritoid + 10 sillimanite = 2 Fe-staurolite + 2 quartz + 4 H,0 
(b) 2¥Fe-staurolite + 15 quartz = 4 Fe-cordierite + 16 sillimanite + 4 H,O0 
(c) 6 Fe-staurolite + 25 quartz = 8 aimandine + + 46 sillimanite + 12 H,0 
(d) 3Fe-cordierite = 2 almandine + 4 sillimanite + 5 quartz (after Richardson, 1968). 
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2H,0 + 3Fe3;Al,Si3;0,> = 2Fe;0,4 + 3FeAl,O, + 9SiO, + 2H> 


almandine magnetite hercynite quartz 


Taking into account the mutual solubility of FeAi,O, in magnetite and of Fe;0, 
in hercynite and the temperature dependence of this solid solution, the standard 
entropy of formation of almandine, S, 4 (298,1) is -272°33 + 3 gb/g.w.f.; S° (298, 
1) = + 68°3 + 3 gb/g.w.f., the Gibbs free energy G 8 (298, 1) = —1 192°36 + 4 kcal, 
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and the enthalpy H° TA (298, 1) = —1273°56 kcal. The enthalpy of formation from 
the oxides at 298 °K’ and i bar is -25°15 kcal/g.w.f., i.e. much smaller than that of 
—84:2 kcal given by Dahl (1968). Also on the basis of the experimental work of 
Hsu (1968), Fed’kin (1970) estimated the entropy S° 7a aS —268°83 gb/g.w.f. and 
Gibhs free energy G°.(298.1) as -1 193°43 kcal: see I a Helgeson et al. (1978). 
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Oxidation equilibria involving almandine, iron cordierite, sillimanite, and pure 
magnetite were calculated by Froese (1973) by deriving activity coefficients for 
the magnetite and hercynite end-members in the above equation: at high 
temperatures, cordierite would appear to be stabilized relative to almandine + 


sillimanite + quartz, in contrast to the direct experimental results (Richardson, 


The occurrence of almandine (a 11°537A) partially intergrown with synthetic 
diamond has been recorded by Kohn and Eckart (1962). Synthetic almandine and 


natural almandine-rich garnets have been experimentally converted at high 
pressures (a 120 khar) and 1400-1800 °C to a phase having the structure of 
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the hydrophosphate garnetoid griphite and the formula Fe;A12(SiO«)3- m(O) an 
where m is small (¢ 0°10); this transformation also yields a smail proportion (m ) 
of stishovite (Liu, 1975a). This high-pressure phase has a (calc.) 11° -470 A and 
possible space group P2,/a3. It breaks down at increasingly high pressure to a 


mixture of magnesiowtistite + unknown nhasefs). the ultimate high-pressure 
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phase possibly having a perovskite structure (Liu, 1975b). These results disagree 
with a previous interpretation of the nature of the high-pressure phase which 
resulted from shock wave compression at 195 + 20 kbar of iron-silicate garnet 
(Ahrens and Graham, 1972; Graham and Ahrens, 1973) as having an ilmenite- 
type structure with D 4 4A ao/m3 
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Analyses of garnets crystallized experimentally from within the anhydrous 
melting ranges of an olivine tholeiite, a tholeiitic andesite and an augite leucitite 
at 18-45 kbar show up to 0°4 per cent Na2O and 0°6 per cent P2O; (Thompson, 
1975). Na and P were thought to represent a coupled substitution replacing Ca 


t 
and Si in the grossular component of the garnet structure. 


The approximate mixing properties of the end-member components of natural 
garnets were derived by Ganguly and Kennedy (1974) through theoretical analysis 
of data combined with experimental results and crystal chemical considerations. 
They concluded that almandine would mix with spessartine nearly ideally whereas 


t 
the mixing of almandine with pyrope would involve significant positive excess 


free energies of mixing leading to a critical mixing temperature of 479 + 63 °C (see 
aiso Ganguly, 1979). 
The formation of almandine by reaction from chlorite + quartz can be 


represented by the reaction 
(Fe,Mn) 9Al3;(A1;Si;)O20(OH) 16 +4 SiO, = (Fe,Mn) 9A1¢6Si90 36 +8 H.20. 


The univariant boundary curves for this reaction were located by Hsu (1968), see 
Fig. 278, for the iron and manganese end-members. This reaction was further 
considered by Kretz (1973) in modelling the production of compositionally zoned 
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members, using the irom - quartz - fayalite buffer (Hsu, 1968) (after Kretz, 1973}. 


almandine; he concluded that the reaction rate (i.e. rate of production of garnet 
in a given volume of rock) could be expressed approximately as a function of time 
raised to the power 5/2 and that this could result from a steady rate of increase in 
temperature (see also Kretz, 1974). 

The experimental production of almandine at 6 000 bar from the reaction 


thuringite + muscovite + quartz = almandine + biotite + Al,SiO; + H,O 
has been reported by Hirschberg and Winkler (1968) who also studied a similar 


reaction involving the less iron-rich chiorite ripidolite at 7000 bar. Green (1976) 
found that in high-pressure experimental melting studies on a pelitic composition 


with 2-5 wt. per cent of added water, the cordierite - quartz - biotite - sillimanite- 
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garnet at ‘7 kbar. He later reported (Green, 1977) that at temperatures above 
950 °C the garnet has a higher Mg/(Mg+Fe) value than the coexisting liquid, but 
below 950 °C the value of this ratio in the garnet is lower than that of the coex- 
isting liquid; thus at temperatures below 950 °C acid magmas may fractionate 


t nd nradiura nda 
garnet and produce more magnesian derivative liquids. The effect of adding as 


little as 1 per cent MnO to the bulk composition was to lower the stability range 
of the garnet (< 10 mol. % spessartine) from © 6 bar to < 3 kbar. These garnets 
typically show zoning from an Mn-poor core (< 4% Mn) to a Mn-richer rim (> 
4% MnO) and may reflect the continued growth of garnet in a low pressure 
IVBILIV. 

The experimental transformation of natural almandine into green biotite was 
studied by Schneider (1975), who represented the reaction in the simplified equa- 
tion: garnet + K(Na) + H.O > biotite + magnesite + Si, Al, Ca (in melt). At 
700- 800°C, 2 kbar P,, ,, the biotite formed green flakes up to 15 ym in size in 24 
hours; below 700°C the reaction products were so fine-grained as to be in- 
distinguishable and at above 800°C the newly formed biotite was eventually 
replaced by magnetite, orthopyroxene, and other phases. 

An experimental measurement of cation diffusion in almandine at 


822 - 1002 °C for 300- 500 hours has been reported by Freer (1979), using a garnet 
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of composition Fe2.97Mgo.93Al2Si3;30;2 and a sinter of spessartine composition; 
activation energies of diffusion of —94 + 16 kJ/mol at 10 per cent Mn and —72 + 
25 kJ/mol at 15 per cent Mn were obtained. Interdiffusion rates in natural 


garnets will be sensitive to temperature, pressure, composition gradients, bulk 


ramannctinn and chearing ctrace mabling tho tharmal hictary difficult ta 
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elucidate. An empirical study of diffusion in garnet was reported by Yardley 
(1977). 

The stability of almandine garnet and cordierite was studied by Hensen and 
Green (1971, 1972, 1973) in a series of complex compositions both with and 
without excess aluminosilicate. The results obtained have provided a general 
phase diagram for metapelitic rocks (Fig. 279a). The two divariant equilibria in 
which the Mg/(Mg+Fe’*) ratios of the coexisting garnet and cordierite are 
uniquely determined by pressure and temperature are: 


cordierite = garnet + sillimanite + quartz 
and cordierite + hypersthene = garnet + quartz 


P-T-X grids for these two reactions are given in Fig. 279b, c, and indicate 
temperatures of formation of 700-850°C and load pressures of 5-10 kbar. On 
the basis of melting experiments in pelitic compositions it was suggested (Hensen 
and Green, 1973) that Ca- -poor garnet xenocrysts found in calc-alkaline igneous 
rocks are derived from admixed pelitic rocks and did not equilibrate with the calc- 
alkaline magma (see, however, the later work of T.H. Green, 1977, referred to 
above). 

The thermodynamic properties of almandine- grossular garnet solid solutions 
have been investigated by Cressey et al. (1978) who studied their mixing p proper- 
ties in the range 850-1100°C. Almandine synthesized from a a glass at 900°C/12 
kbar had a cell edge of 11°526 (+ 0° 001) A, in agreement with many previously 
reported values. At I bar, Fe;Al2Si;0,2-Ca3Al1,Si3;0,2 garnets exhibit negative 
deviations from ideality at the Fe-rich end of the series and positive deviations at 


the Ca end. With increasing pressure, the activity coefficients for the 


Ca3Al,Si3012 component incr Case (because the partial molar volume of this com- 
ponent is greater than the molar volume of pure grossular). The region of 
negative deviation from ideality implies a tendency towards formation of a stable 
compound of the type Fe2CaAl,Si3;0;2; such a compound would have a long- 
range order of Fe and Ca and a different structure from almandine and grossular 
garnets. In one natural garnet (Gro29) from a gr anulite the pr esence of two garnet 
phases with 0° ‘012A difference in their cell edges has been established (Cressey, 
1978). X-ray investigations of natural and synthetic Ca-poor almandine-grossular 
compositions indicate a lower space group symmetry than Ja3d of the end- 


members; the most probable space group is Rj s in which there are two eight- 


coordinated sites present in equal numbers in the structure ( (Cressey, LYO1). 


Colour. Almandine is commonly deep red to a rather brownish black, and some 
transparent red varieties are known: in thin section it is colourless to pinkish red. 


It has a strong force of crystallization as have all the garnets, and often develops 
dodecahedrai and icositetrahedral forms. Blood-red cuboidal grains of alman- 
dine (n 1°801) have been described from a metasomatized sandstone (Sobolev, 
1975). The synthetic almandines are cinnamon-brown in colour and exhibit the 
same forms common in natural specimens, or more rarely the cube and oc- 


tahedron. 
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Physical properties. The microhardness of almandinic garnets varies from 1 000 
to 1300 kg/mm’, decreasing as the values of n, a and the specific gravity increase; 
the amount of the andradite component has a major effect (Jakabska ef al., 


1973). The infrared spectra have been determined by Tarte (1965), Manning 


(1967a), Brunel and Vierne (1970), and for a garnet with 75 per cent of the alman- 
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dine molecule by Caruba ef al. (1975); a thermogravimetric. curve was also given 

for the iast specimen. infrared spectra for five almandines together with Raman 

spectra on three specimens were obtained and interpreted by Moore ef al. (1971). 
The elastic properties of an analysed almandine were given by Verma (1960) 


and those for an almandine-snessartine with D 4°2396 g/cm} were determined by 
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Isaak and Graham (1976); ultrasonic measurements on the latter material gave 
the adiabatic bulk modulus K* = 1763:3 + 2°3 kbar. From a least-squares 
analysis the K * for the almandine end-member is 1 801 + 7 kbar. The hydrostatic 


compression of almandine was investigated by Sato et a/. (1978) who obtained 
an isothermal bulk modulus of 1: 75 + 0:07 Mbar. A niezvothermometer for 
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determining the pressure and temperature of a single mineral inclusion in a host 
mineral using comparison dilatometry was calibrated for the almandine- quartz 
association (Adams et al/., 1975), and also for pyropic almandine and spessartinic 
almandine; an empirical equation was obtained which is an excellent fit to the 


° 
data for almandine- quartz 1 c and almandine- quartz 45 ° to c. The development 


of sets of isomekes then allows the use of piezobirefringent haloes around quartz 
inclusions in garnet or vice versa. The thermal diffusivity of garnet at 1 atm was 
determined by Kanamori et a/. (1968). The fission-track annealing characteristics 
of almandine-spessartine garnet give lower annealing temperatures than for 
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et al., 1977). 

A more general description of the physical properties of almandine (including 
refractive indices, densities, cell parameters etc.) is given in the general introduc- 
tory section on garnets (see p. 484). 
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metamorphism of argillaceous sediments and as such its appearance has been 
used as a zonal indicator. It is stable over a wide range of pressure- temperature 
conditions, this stability being widened by its normal compositional range which 
can be better expressed as (Fe,Mg,Ca,Mn)3AI12Si;0,2 rather than the pure iron 


. 
end-member. The appearance of almandine in rocks of appropriate bulk 


chemistry is favoured by high-pressure environments (Keesmann ef al., 1971); 
thus it is stable in many of the higher grades of regional metamorphism, including 
the granulite and eclogite facies. It is also found as a product of thermal 
metamorphism of pelitic rocks, in acid igneous rocks (both as accidental 


xenocrysts and as a primary magmatic constituent), and is a widespread detrital 
mineral in sedimentary rocks. 
Fig. 279. Pressure- temperature d S (a ihe ‘best fit’ for the of garnet and cor- 


iagr 
dierite in pelitic rock compositions, (b 
quariz and (cj ine divariant reaction 


Green, 1973). 


c 
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Metamorphic Rocks 


Regionally metamorphosed rocks. In Barrovian-type metamorphism of pelitic 


rocks, almandine develops at the top of the biotite zone where it may be 
developed by reaction with the chlorite of lower grades. Garnet and chlorite coex- 


eloped by reaction ve chlorite of lower grades. Garnet and chlorite coe 
ist, however, over a considerable range of metamorphic grade and the distribu- 
tion of Mg- Fe between these two phases varies with temperature of crystailiza- 
tion. The garnet isograd has been discussed by Atherton (1964). The reaction 
chlorite + quartz = garnet + H,O has been studied experimentally (Hsu, 1968), 


but muscovite, biotite and plagioclase may also take part in the reaction and the 
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presence of two distribution trends for K,fe/Ms between garnet and chlorite was 
demonstrated (Fig. 269, p. 553) by Kamineni (1976), who found that with in- 
crease in grade from the greenschist to the epidote-amphibolite facies Kp in- 
creases from an average of 0:057 to 0°137; the Mg/Fe ratio of the garnet increases 
with grade. Earlier, Miyashiro and Shido (1973) had considered the variation in 
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the MnO content ‘of metapelitic garnet with grade and had concluded that 

although the MnO value decreased with increasing grade this mainly reflected the 

gradual increase in amount of garnet developed (see also Engel and Engel, 1960). 
Albee (1965a) calculated the distribution coefficient for Mg/Fe for 70 pairs of 


garnet and biotite from known occurrences and found that although there is a 
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general increase in Kp for increase in grade there is a considerable overlap i in the 
range of pairs from different metamorphic grades; the values obtained for the 
main Barrovian zones were garnet zone 0°20, staurolite zone 0°215, kyanite zone 
0°23, and sillimanite + K-feldspar zone 0°3-0°37. Hietanen (1969) examined 


seven coexisting garnets and biotites from pelitic schist of fairly uniform bulk 


composition which had been subjected to “uniform pressure but to different 
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temperatures during metamorphism. The garnets range in composition 
Alm7o-9:Sp3-17P¥6 -14Gr0o-sAndo-s (e.g. Table 55, anal. 5) throughout the 
garnet -sillimanite zones but their pyrope content increases from 6 to 14 mol. per 
cent with this increase, in grade, while there is no systematic variation in alman- 
dine content. The K,- ere values for eight garnet- biotite pairs from the garnet, 


chloritoid and staurolite zones of northeastern Scotland have recently been deter- 


mined by Baltatzis (1979b) who found that this K, is not dependent on the Mn or 


Ca content of garnet, but is related to metamorphic grade (see Fig. 264, p. 550). 
The geothermometric results obtained for the three zones were 500, 550, and 


575- 620 °C for the garnet, chloritoid + staurolite and staurolite zones, respec- 


la nent 


tively (see also Baitatzis, 1979a). 

Sturt (1962) and Nandi (1967) showed graphically the continuous variation of 
(FeO + MgO) against (CaO + MnO) with metamorphic grade for Ca- -poor 
garnets. The increase in (FeO + MgQO)/(CaO + MnO) is a useful indicator of in- 


crease in grade as also is the progressive c decrease in cell edge of garnet; Nandi has 
plotted a v. (FeO + MgO)/(CaO + MnO), obtaining a hyperbolic curve. The use 
of elemental distribution coefficients between two minerals in equilibrium, 
however, will in general provide a more rewarding measure of metamorphic con- 


ditions. 


Studies of the occurrence and variation in composition of garnet in pelitic 
schists have also been reported by Banno (1964) and Kurata and Banno (1974) for 
the Sanbagawa schists of central Sikoku, Japan. The latter authors found a con- 
spicuous variation in the chemistry of the garnet rims and of chlorite with increas- 


ing grade of metamorphism; the Fe-~Mg partition coefficient for the 


chlorite - garnet rim pair also changes systematically with grade, demonstrating 
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that the progressive metamorphism is primarily due to increase in temperature. 
The garnets have Mn-rich cores and Mn-poor rims as for most regional metamor- 
phic terrains; with increasing grade the Mn content of the rim decreases. The 
almandine component is fairly constant but the pyrope content increases with 
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Scotland by Lambert (1959) and Butler (1967), and from the Alps (Table 55, 
anals. 16, 21, 22) by Frey (1969), Chatterjee (1971) and Desmons ef a/. (1977), the 
last authors being concerned particularly with the zonal distribution of Mn in 


almandines relatively rich in the grossular molecule. Further to the south, in the 


. 
Peloritani Mountains of Sicily a group of echictace rocks in the sreenschist facies 
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includes garnet mica schist with almandine (anal. 15) in contrast to a gneissose 
group assigned to the Abukuma-type cordierite- amphibolite facies, confirming 
the existence of a tectonic contact between the two metamorphic complexes (At- 
zori, 1969). 


In the Tihramont anti 
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morphism has produced a series of schists whose mineralogy has been studied in 

detail by de Béthune (1977), including microprobe analyses of 64 almandines. In 

the pelitic rocks the garnets are almandine-spessartines with subsidiary grossular. 
The metamorphic rocks of St Paul Island and the northern part of Nova Scotia 


cantain almandina in the garnet ctaurolte and kuvanite zanec: the interceacting 
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tie-lines of 23 garnet- biotite pairs led Phinney (1963) to suggest that either diffu- 
sion equilibrium of Fe and Mg was restricted to volumes smaller than a hand 
specimen or that pressure as well as temperature varied considerably. A lack of 
diffusion equilibrium seemed more likely in view of varying Fe/Mg ratios in 
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among garnet, biotite and staurolite in a suite of mica schists from the staurolite 
zone in Grenville schists in southeastern Ontario were determined by Hounsiow 
and Moore (1967); the garnets ranged Almg7~ s0PyY6~1sGrog-24Spi- 26, their 
amount being related to the oxidation ratio of the rocks. Garnet with FeO 34°79 


per cent has been reported from a staurolite- garnet schist from the Lomaeundi 
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district, Rhodesia (Workman, 1966). The breakdown and partial replacement of 
staurolite to give garnet + rutile or garnet + ilmenite has been recorded by Kwak 
(1974). Garnets in sillimanite-garnet- biotite gneiss from the South Island of 
New Zealand have been studied by Hattori (1967). 


The garnets from the andaliucite—staurolite zone rocks of the Mt Tofty 
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Ranges, South Australia, are very iron-rich, with over 84 per cent of the alman- 
dine molecule (Fieming, 1972); the K, vaiues for Fe-Mg between coexisting 
garnet and biotite indicate that, despite the apparent occurrence of fibrolite in 
associated rocks, they probably crystallized in P- 7 conditions corresponding 
with the andalucite nhace field 
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Hercynian garnet-staurolite schists from the Pyrenees were studied by 
Fonteilies and Guitard (1971) who showed that the relative abundance of ailman- 
dine in the Canigou massif and its poverty in the Agly massif is related to the ratio 
of FeO, MgO and MnO: where FeO/Mg0O is high, almandine appears for normal 


values of FeQA/MnQO.) whereac with lower FeO/Malf ratings almandine oanly an. 


values of FeO/MnO, whereas with lower FeO/MgoO ratios almandine only ap- 
pears when the FeO/MnO value is exceptionally low. These ratios are also related 
to the variation in pressure; in the Canigou massif where the pressure was greatest 
the field of garnet is most extensive. 

In pelitic gneisses in Glen Clova, in the Scottish Dalradian, almandine (Table 
55, anal. 8) with FeO 22:91 ner cent has been described (Chinner tQ6N)\ Near 
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Stonehaven on the east coast of Scotland, pelitic rocks are represented by a 
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muscovite- garnet - staurolite- biotite assemblage in the higher grades, or a 
chioritoid - muscovite- garnet assembiage in iower grade parageneses (Chinner, 
1967); a garnet from the lower grade occurrence has FeO 28-22 per cent. Zoned 


garnets from several different greenschist facies terrains, including eastern 
Otago. Scotland. Vermont. and the Cascade Mountains of Washington, are 
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strongly zoned in Fe and Mn but not in Ca. Based on the composition of the 
Otago garnets (Aims 9Gr03oSp20), a possible garnet-producing reaction proposed 
by Brown (1969) was chlorite + epidote + quartz > garnet + oxygen + water. 


Two textural varieties of almandine were reported from a garnet- mica schist 
from Mallaio on the west coast of Scotland (McAteer, 1976); large garnets show 
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zoning with Fe-rich rims (AlmssSp,Gro,Py;2) and Mn- rich cores 
(Alm62Spi6Gro,9Py3) while the smaller garnets are virtually unzoned, with a 
composition near Alm7,Sp,Gro,gPy 0. In this rock it was suggested that the ini- 


tial composition of the garnets, represented by the cores of the large crystals, was 
later modified by the breakdown of epidote + biotite releasing Ca to the garnet 
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and also forming a more calcic plagioclase. Zoned garnets from regionally 
metamorphosed rocks in South Morar, south of Mallaig, Scotland, have been 
studied by Anderson and Olimpio (1977), but here the smaller garnets (2-3 mm) 


in the same rocks have homogeneous cores with lawer Mn; volume diffusion is 
offered as the simplest explanation, see also Olimpio and Anderson (1978) and 
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Finlay and Kerr (1979). With j increasing grade, across the kyanite and sillimanite 
zones, garnets of all sizes become progressively more homogeneous. Calcium 
zoning in almandine-rich garnets of the interlayered pelitic rocks and calcareous 
sandstones of the Wissahickon formation in Pennsylvania has been attributed 


variously to reactions involving garnet— plagioclase equilibria. to diffusion or to 
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reactions between other minerals; when more than | one of these mechanisms 
operate simultaneously the zoning profiles are compiex (Crawford, 1977). Fur- 
ther work on zoned garnets in pelitic schists has been reported by Woodsworth 
(1977) from garnet and staurolite zones in British Columbia and by Trzcienski 


(1977) from the garnet - chlorite assemblages 1 in southeastern Ontario. For an area 
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near Sudbury, Ontario, biotite- muscovite- garnet schists from the staurolite- 
quartz, kyanite-muscovite and sillimanite~K-feidspar subfacies of aiman- 
dine- amphibolite facies schists and gneisses in the Grenville province were in- 
vestigated in detail by Kwak (1970) who found that, despite scatter between 


distribution coefficients due to partial re-equilibration, the K, values for Mg- Fe 
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biotite/garnet decrease and Mn and Ca increase with grade of metamorphism 
across the area (Tabie 55, anai. 18). 

In the garnet - biotite - sillimanite gneiss of the crystalline basement of Tataria, 
the garnet is typically an almandine-pyrope with only 5-11 per cent grossular and 


andradite comnonentsc: higher cantents of the calcic garnet comnonents are found 
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only in more calcium-rich rocks such as amphibolite and amphibole- pyrox- 
ene- plagioclase gneiss (Filippovskiy and Sitdokov, 1973). 

Garnet also forms in rocks of less pelitic composition, for example in 
muscovite- garnet quartzite as described from the Sudetes Mountains where the 


garnet has a composition Alm7sSpioPysAnd; (Ansilewski, 1966), or in Moldanu- 


bian quartzite from Czechoslovakia (Vrana, 1977). In many of these rocks the 
texture becomes gneissose, as in the quartz-~plagiociase-garnet- biotite gneiss 
from the Sludyanka area of Siberia (Table 55, anal. 27), and the 
garnet - pyroxene-bearing Lewisian gneiss whose garnet analysis is given in anal. 


38. Garnets from garnet porphyroblastic gneiss and quartz-garnet rock in 


the Goe Range of Liberia have been studied by Berge (1967) who found that 
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their composition was almandine-grossular and almandine (FeO 38°37%), 
respectively. 

Porphyroblasts of garnet in metamorphic rocks may show S-shaped inclusion 
trails (Fig. 280), and it has been suggested that from a consideration of their 


geometry it is possible to distinguish between syntectonic porphyroblasts and 
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post-tectonic fold overgrowths (Powell, 1966; Powell and Treagus, 1967, 1970). 
The mechanism of rotation during growth of the syntectonic porphyrobiasts has 
been the subject of much debate. Thus Spry (1963) considered these sigmoidal or 
‘snowball’ structure inclusions in terms of mathematically oriented spirals form- 


ed during growth. A method whereby the rotation axes for individual crystals 


awea 


viewed in thick sections can be located was outlined by Powell and Treagus 
(1970). Garnet porphyroblasts containing elongate ilmenite inclusions arranged 
spherically were interpreted as being post-tectonic, and the inclusion pattern 


thought to result from deformation and simultaneous replacement of the matrix 
by the growing porphyroblast (Harvey and Ferguson, 1973). Spry (1974) con- 
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sidered the displacement hypothesis unproven by this example; see also Harvey 
and Ferguson (i975). Other contributions to this probiem inciude those of 
Galwey and Jones (1962b), Jones and Galwey (1964, 1966), Cox (1969), and 


Rosenfeld (1970). A new multiple nucleus mechanism for development of syntec- 
tonic nornhvroblasts was put forward by de Wit (1976) but this has been challeng- 
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ed by Schoneveld (1978) who considered it inapplicable as a general model and 
that for most of the specific cases described by de Wit, the classic single nucleus 
model could be applied. 

In the Moine rocks of northwest Scotland, textural and chemical zoning and 


nclusion fabrics shown by garnets in regionally metamornhosed Precambrian 
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metasediments enabled MacQueen and Powell (1977) to show that in the 
marginal part of the Caledonian orogenic beit garnet growth was synchronous 
with the early phases of the second deformation, whereas towards the interior of 


the belt garnet growth became progressively earlier relative to the same deforma- 
tion, It was thus suggested that metamorphism (as indicated by garnet growth) 
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and deformation were diachronous through a 15km thickness of ‘the crust. 
Garnets in which the core has been repiaced by other phases have been referred 

to as atoll garnets. In a study on the formation of such garnets in the aureole of 

the Ardara pluton, Donegal, Smellie (1974) reviewed much of the previous work 
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Fig. 280. S-shaped inciusion traiis in a thin-section through a Dairadian garnet schist, Perthshire 
(after Powell and Treagus, 1970). 
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on this texture. At Ardara, regionally metamorphosed rocks have been affected 
by later thermal metamorphism. Textural evidence shows that the atoll garnets 
were formed by replacement, mainly by biotite with some plagioclase, quartz and 
Opaque minerals, which may have proceeded from either the interior towards the 


at 
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Margims Of ime reverse. A moOaeci invoiving progradce resorpuon (i.e. 
replacement during temperature increase) was proposed. 

In foliated pelitic gneisses from the Grenville series of southeastern Ontario, 
flattened and elongated garnets have been reported on foliation surfaces, whereas 
the garnets of adjacent quartz- feldspar layers are rounded. Blackburn and Den- 
nen (1968) have shown from studies of equilibra ation domains that chemical c com- 
munication and therefore diffusion were enhanced along foliation surfaces, and 
have suggested that differential diffusion of material to and from the site of 
garnet growth controlled garnet morphology. They considered that the limited 
diffusion between garnets of the foliation surfaces and the garnets of adjacent 


Ontractinga garnet comnncitinn 
quartzofeldspathic areas, led to the contr aSting garner compositions. 


In more basic schists or gneisses and garnet amphibolites, the typical garnet is 
less almandine-dominant in composition but may contain appreciable amounts of 
the grossular and pyrope molecules, e.g. Table 55, anals. 33, 35. Almandine- 
pyropes with subsidiary grossular have been described from zoned ultrabasic and 
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basic gneiss masses at Scourie (O’Hara, 1961) and in the Moine nappe in Skye 


(Matthews and Cheeney, 1968), and from garnetiferous amphibolites in the 
Kragero area, Norway (Burrell, 1966), the Sanbagawa district, Japan (Banno, 
1964), and the Kurosegawa belt of southwest Japan (Hayama, 1976). Por- 
phyroblastic almandine-pyrope from a garnet- pyroxene- plagioclase gneiss in a 


fartiura Tanan ac reannarted kh 
cataclastic amphibolite in Kumamato Prefecture, Japan, was reported by 


Miyachi (1969), and a rather similar paragenesis is represented by the alman- 
dine- grossular-spessartine of Tabie 55, anal. 48, from Swat, Pakistan (see also 
Ahmed and Ahmed, 1975). An unusually high grossular component in such 
garnets was noted by Onuki ef a/. (1977) for garnets in metagabbros of the 


epidote- amphibolite facies in the Sanbagawa metamorphic rocks; these garnets 


are associated with hornblende and zoisite and range from Alms4Gro39- 
Sp3Py3And, to Aims3gGro49Spi2Py, in composition, filling the gap in the 
pyralspite- ugrandite series. 

The transformation of a quartz ferrodolerite dyke to garnet amphibolite was 
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ascribed by Windley (1970) to intrusion of the ferrodolerite magma in conditions 


of sufficient stress and high water pressure for it to crystallize as garnet am- 
phibolite in the central parts of the dyke; this garnet has FeO 28:24, MgO 1°11, 
CaO 9:92 per cent. An almandine-grossular-pyrope has also been described from 
garnet amphibolite in the crystalline basement rocks of Tataria, USSR 
(Yakovlev, 1966) and almandine from a chlorite- garnet - cummingtonite slate of 
Krivoy Rog, Ukraine, was reported by Sivoronov ef a/. (1967). An almandine- 
pyrope from a kyanite- garnet gedritite has been described by Hietanen (1959) 
from a metasedimentary series near Orofino, Idaho. Textural studies of garnet 
coronites associated with hornblende and plagioclase in amphibolites led Janar- 
dan Rao and Satyanarayana (1969) to conclude that the formation of this garnet 
was intimately related to the replacement of the hornblende by plagioclase, but 
see Bose (1961) and also Griffin (1971) who find a much more complex history 
for the hornblende- garnet coronas in Norwegian anorthosites; zoned garnets 
associated with orthopyroxene- plagioclase coronas have .been discussed by 


1077) 1 §29 
Kor nprobst (1 (1977); see also p. $32. 


The post-kinematic breakdown of almandine-rich garnets to symplectite con- 
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sisting of plagioclase + biotite and/or hornblende in an upper amphibolite facies 
gneiss from the Cascade Mountains, Washington, has been described by Misch 
and Onyeagocha (1976). Analysed garnets with symplectite coronas have 
14-30 mol. per cent grandite whereas the garnets free of such coronas have 6-9 
per cent orandite and relatively more pyrope The formation and dissociation of 
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garnet in mafic metamorphic rocks has also been discussed by Kitsul ef a/. (1971). 


Iron formations. The regional metamorphism of Precambrian banded iron 


formations in granulite facies conditions typically gives rise to an iron-rich silicate 
assemblage, as in the eulysites of Sweden (Eckermann, 1922) and the col- 
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lobriérites of southern "France - rock types which contain an alman- 
dine- fayalite- eulite- hedenbergite- grunerite assemblage. Garnet from eulysitic 
rocks in the Scottish Lewisian has been demonstrated to contain inclusions of 
(Fe,Mg) carbonates (Tilley, 1938) indicative of their sedimentary origin. Krogh 


(1977) has reported garnets with 84 per cent of the almandine molecule (Table 55, 
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anal. 2) from : the Vestpolltind Fe- Mn deposit of northern Norway where they are 
associated with quartz, (Mn,Fe)-rich orthopyroxene and iron oxides, and alman- 
dine (anal. 17) from a similar assemblage in the Kola Peninsula has been describ- 
ed by Bondarenko and Dagelaiskii (1961); in both of these examples, although 


the carnets contain annreciahle amounts of the cnescartine molecule. the maioritv 


the garnets contain appreciable amounts of the spessartine mol ecule, the majority 
of the Mn has been concentrated in the other silicate phases. Other examples are 
known, however, in which the garnets are more appreciably spessartinic, e.g. the 
almandine from a metamorphosed iron formation in Labrador has 7°8 mol. per 


cent spessartine (Klein, 1966), and from the metamorphosed iron formations of 
the QOnatrading dictrict of Western Anctraha Davidson and Mathicon (19732) 
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record four garnets with MnO ranging from 2°90 to 17:01 per cent (e.g. Table 55, 
anal. 44); see also Stanton and Vaughan (1979). A banded iron formation with 
almandine-hedenbergite quartzites and rhodonite- garnet rock is associated with 


the Pb- Zn orebodies of Broken Hill, Australia (Richards, 1966). Stanton and 


Williams (1978) after reviewing current ideas on the interpretation of the varia- 
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tion in garnet compositions have shown that there are marked compositional 
variations in these Broken Hiii garnets from one crystai to the next on a scale of 
1-2mm. Electron microprobe traverses along and across bedding show the com- 


positions of the garnets to change markedly between adjacent beds but to remain 


uniform within individual beds. Thus it anpnears that these garnets in the finely 
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bedded quartz- garnet - apatite- magnetite iron formations of the Willyama com- 
piex at Broken Hill have preserved for i 800m.y. an originai pattern of chemical 
banding. At least in this instance of high (sillimanite) grade metamorphism, 


metamorphic diffusion is restricted to minute distances; compositions of the 
garnets are inherited. substantially in situ. from individual precursor minerals: in 
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such a context the compositions of garnets may have no significance in the deter- 
mination of metamorphic conditions. 

In the Pegmont stratiform Pb-Zn sulphide deposit of northwestern 
Queensland, which occurs in a thin iron-rich Middle Proterozoic metasedimen- 


tary unit, garnet is characteristic of the ore-bearine horizon (Stanton and 


unit, garnet characteristic the bearing horizon (Stanton and 
Vaughan, 1979). The mineral increases in abundance from basin centre to edge 
and there is a corresponding increase in the almandine content; in the central 
parts of the orebody the garnets have cores relatively rich in the spessartine 
molecule. The occurrence of iron-rich garnets in manganese-poor Archaean iron 


formations of low and medium metamorphic grade has been reported from the 
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North West Territories of Canada, where garnet (Almg3.8—80-99Po-2- 1-1 PY2.7- 5-8- 
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Gro3.7- 190.4ANd2.7-6.7UVo.1- 0.3) Occurs coexisting with hornblende, grunerite, 
quartz and magnetite (Bostock, 1977). Aimandine (Aim 72~ 75Gro;, — ;s5Py3-~ g) oc- 
curs associated with ferrifayalite, eulite and quartz in a meta-ironstone in the 
eastern Hebei province of China (Zhang etal., 1981). 

The chlorite schists of Sarvengude in the Collobriér res area of southern France 


contain large (up to 6cm) almandines, often highly altered. An analysis of 
unaltered garnet ( ( Table 55, anal. 12) shows it to have FeO 32 per cent (Aims. 1)5 
the coexisting chlorite is also iron-rich and it was suggested (Caruba et al., 1975) 
that these iron-rich garnet-chlorite schists resulted from the regional metamor- 


phism of a basic lava. A garnet - quartz - siderite deposit from Buchwald, eastern 


Styria, has been described by Tufar (1968) in which the garnet has a total iron 
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content (FeO + Fe.0;) of 34 per cent, the garnet being ascribed to pre-Alpine 
metamorphism. 


> 


Blueschists. Glaucophane-bearing metamorphic rocks (blueschists) are widely 
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distributed in areas of high- -pressure metamorphism and i appropriate rock com- 
positions calcic almandine-spessartine occurs. The glaucophane-bearing rocks of 
California have been described by Coleman and Lee (1963) who reported that 
garnets were found in metabasalt and metachert formations. A glaucophane 


schist sequence is exposed over a distance of 300m in Ward Creek near Cadazero 


and from this and other Californian localities a detailed study of the garnets by 
Lee et al. (1963) has shown that in their type III glaucophane-bearing rocks 
(metabasalts, metacherts, meta-ironstones, metacarbonate assemblages) the 
garnets are dominantly almandine-spessartine with a variable grossular compo- 


nent, the range of composition being Almgeo ~ soSpao - 9GrO39 -op Andy -12. Previous 


fiheiil iit aeigvii wlll SRA SU = 40M Pr 390 Ofn' 


work on these garnets includes that by Pabst (1931, 1955), Borg (1956) and Hut- 
ton (1962); Hutton’s analysis (Table 55, anal. 42) was for a garnet from a 
quartz- glaucophane- stilpnomelane schist. Further microprobe work by Dudley 
(1969) showed that many of these Californian glaucophane schist garnets were 


zoned, their cores generally being much richer in Mn and poorer in Fe than their 


rims. Dudley also reported garnets of almandine- grossular composition (relative- 
ly poor in the spessartine molecule) from Shubin in the southern Urals and from 
south central Java. In the P-T7 conditions of the Californian and other 
blueschists, ferroglaucophane is i in competition with almandine and, with excess 


SiO,, Na + and (OH) , the relationship can be expressed: 


Fe,**Al,OvAmph = Kup 7, and Mg3zAl,ovAmPh= ky, 


with k, <1 at normal = blueschist 
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blueschist- eclogite conditions (Wood, 1980). 
From japan, almandine-grossular-spessartine from glaucophane schist in the 
Omi district was described by Banno (1958) and from the Kotu district, Sikoku 


(Banno, 1959); the latter garnet has a composition Alm;3;Sp,,Gro39Py3And; (see 
also Miyashiro and Banno, 1958). In the blueschists of the Quégoa district in New 


Caledonia, garnets occur in metasediments throughout the lawsonite zone and 
first appear in metabasaits in iawsonite-epidote rocks (Biack, 1973). From a 
study of 45 garnets representative of all lithologies and metamorphic grades, 


Black has shown that the ‘bell-type’ zoning (as noted by Dudley, 1969) with cores 


enriched in Mn relative to Fe and rims enriched in Fe, Mg and frequently Ca is 
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fairly typical. The overall garnet compositional range is ‘similar to that of the 
Californian blueschists (e.g. near Alms;Sp2;Gro29) but within the different rock 
types and metamorphic grades there are distinct variations. Thus garnets from 
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epidote-zone meta-igneous rocks and most metasediments are almandines; 
garnets from epidote-zone metasediments which are manganiferous may be 
spessartine-rich. Garnets from metabasalts are consistently richer in Mg in both 


core and rim than those from pelitic metasediments. The pyrope component of 
both cores and rims of garnets from equivalent rock types and mineral 
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assemblages increases with increasing metamorphic grade. The reaction 
generating almandine in the Ouégoa district blueschist assemblages involves the 
simultaneous replacement of lawsonite by epidote, and Black (1973) gives the 
simplified equation: 


ferroglaucophane + Fe- rich chlorite + lawsonite ~ glaucophane + Mg-rich 
chlorite + epidote + almandin 


The garnets of the glaucophane schists of the Ile de Groix, off the coast of 
Brittany, are all dominantly almandine (Alms4-.69) with a substantial grossular 
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the aluminous and the calcareous schists. With increasing grade of metamor- 
phism the amount of the pyrope component tends to increase (Makanjuola and 
Howie, 1972). 

In high-pressure rocks of Val Chiusella, Italian Alps, garnets with composition 
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basic rock types (Reinsch, 1977, 1979). The mineral assemblages have been con- 
sidered by Reinsch to represent retrogressive high-pressure metamorphism, in- 
termediate between the eclogite and glaucophane schist facies, ranging from 
680 °C, 20 kbar down to 550 °C, 15 kbar P,, 0 indicating a subduction zone as 


daawn ac TOA ben 
ULC ds /U i. 


Eclogites. In the eclogite facies the garnet is typically in the almandine-pyrope 
compositional range and often it is an almandine with composition near 
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AlmeoPyao. The eclogitic almandines in Table 55 range from _ near 
Alm,e3;Gro,2Py;oSpioAnds; from a band in a= giaucophane schist to 
Alm37Py32Gro39Sp, for an eclogite in the Sudetes Mountains. In their classic 


paper on the classification of eclogites, Coleman et al. (1965) define their three 
eclogite srouns in terms of the comnositions of the constituent carnets. those of 
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group C (eclogites within glaucophane schists, and bands or lenses within alpine- 
type metamorphic rocks), which have the chemical composition of tholeiitic 
basalts, containing less than 30 per cent of the pyrope molecule (see Fig. 262, 
p. 529). The garnet of Table 55, anal. 26, is from an eclogitic band in 


glancopnhane schist and anal, 32 is of garnet from an exotic block of eclogite both 
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from north of San Francisco; further analyses of almandine-pyrope from this 
Californian area of eclogitic rocks associated with blueschists are given by Lee ef 
al. (1963); the eclogitic garnets differ from those of the schists in containing more 
pyrope and less spessartine. A description of the Ward Creek area where the two 
rock types occur together is given by Coleman and Lee (1963). 

Following an earlier description of the French eclogites by Briere (1920), fur- 
ther descriptions include those by Velde (1970) who gave eight analyses of garnet 
all almandine-grossular-pyrope in composition. The granites and gneisses of the 


French Massif Central frequently contain xen:liths and larger inclusions of 
metamorphic rocks: one such lens of basic and ultrabasic rocks contains both 


sae SORA Ne Paka EN Wee Ae BWA Wk Ew Geeks este AGEwy AYN WVweetGase Oo aveee 


fine- grained eclogites and coarser kyanite eclogites, the garnet (anal. 45) from a 
dark-coloured eclogite again has the typical almandine-grossular-pyrope com- 
position (Coffrant, 1974). Garnet from a _ garnet-amphibole- pyrox- 
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ene-scapolite gneiss of eclogitic affinities from the Precambrian of Ghana 


(Knorring and Kennedy, 1958) is an almandine-pyrope-grossuiar (Tabie 55, anai. 


43). 
In western Norway eclogites occur enclosed in gneiss and forming bands in 
dunite (Eskola, 1921); in the former type the garnets fall in the typical in- 


termediate range with compositions near ‘Alm2Pys<Gr02, that represented by 
anai. 40 (Tabie 55) being slightly richer in aimandine (Bryhni ef a/., 1969). Some 
of these garnets are zoned, with cores richer in Ca, Fe and Mn and the rims richer 
in Mg (Bryhni and Griffin, 1971). Similar eclogites have been reported from 
Spitzbergen (Gee, 1964) where they occur in metamorphic supracrustal rocks; 
analysis of the garnet (anal. 36) shows it to have a composition 
Alm;3Gro24Py,;And;Sp,. A barroisite eclogite from Naustdal, Norway, has a 
garnet of composition near AlmeoPy,7Gro,sAnd,Sp, (Binns, 1967). 


In the British Isles, eclogites occur within the Lewisian of Scotland, the garnets 
of which have been studied by Alderman (1936), QO’ Hara (1960), and Mercy and 
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O’ Hara (1968); the garnets are almandine-pyrope-grossulars. Similar garnets oc- 
cur in the eciogitic rocks of the Ordovician Girvan - Ballantrae complex (Bioxam 
and Allen, 1960). In the Snieznik Mountains in the Polish part of the Sudetes 
Mountains, eclogites considered to have been derived from basaltic and sedimen- 


tary rocks, have garnets (e o. anal 47) in which the almandine molecule is 


ary rocks, garnets (e.g. anal. which the almandine molecule 
generally dominant over pyrope (Smulikowski, 1967); indeed Smulikowski (1965, 
1968) has suggested an alternative classification of eclogites, in which almandinic 
garnet occurs in groups II (ophiolitic eclogites) and III (eclogites from gneiss and 


migmatite complexes). Almandine-pyropes from eclogitic rocks of Cabo Ortegal, 
western Snain. have been described by Vogel (1967) 
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In the tectonic settling of the “Alps, eclogites formed by high-pressure 
metamorphism of gabbros or dolerites have been described by several authors. In 
the Voltri group of the Apennines, west of Genoa, ‘flaser’ eclogites have been 


shown by Mottana and Bocchio (1975) to be relatively rich in iron and to have 
garnets witha high almandine content (FeO 32-34, MgO< 2, CaO 6°15-7°65%). 
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These eclogites show a typical corona texture with large crystals of 
chioromelanite surrounded by a rim of euhedral, very fine-grained garnets. At 
Val Chiusella, in the Sesia- Lanzo zone of the Italian Alps, as mentioned above, a 
high-pressure assemblage considered by Reinsch (1977) to be intermediate be- 


tween the eclogite and blueschist facies contains dominantly almandine oarnets 
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with subsidiary grossular and pyrope molecules (see also Callegari and Viterbo, 
1966). 

In southern Switzerland, eclogitic rocks occur in lenses along the contact be- 
tween two nappes. At Alpe Arami, in the Lepontine Alps, the garnets in this type 


of rock fairly clocely anvroach Alm..Pv.-Gro;.Sn, in coamnoacsition (FErnct. 1977): 
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Ky Fe?*/Mg for garnet/clinopyroxene 2 6, indicating a minimum temperature 
for formation of these rocks of 650°C at 6°Skbar, but other evidence suggests 
that the eclogitic layers were produced under much higher grade conditions 


nearer 800- 900°C, 20 kbar or greater. 


Purthar narth in the Adula nanne Evanc of al (1979) h 


Further north in the Adula nappe, Evans ef al. (1979 
eclogite - metarodingite suite, representing original basaltic volcanic rocks and 
minor intrusives and their rodingitized products which have been subsequently 
metamorphosed under eclogite facies conditions. Garnets in the series are zoned 
(increase in Fe/Mg core/rim) but show an interrupted range from 84 per cent 
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metarodingites whereas in the eclogites almandine is the major molecule (at 
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around 40 mol.%) followed by pyrope and grossular. Kpei xp’ for the 
eclogites indicates crystallization at around 793 °C ait 25 kbar. 

Almandine- pyropes (FeO 20-26%) from eclogites of the Bessi area, Japan, 
have been described by Banno (1964, 1970), who has shown that the eclogite types 


can be related to their geological mode of occurrence by a particular range of K, 


values for the Fe- Mg distribution coefficient between garnet and clinopyroxene. 
He considered that the eclogites of the Urals, California, the Alps and Japan were 
relatively low-temperature eclogites whereas those of Bavaria, Norway and the 
eastern Sudetes, together with the eclogitic inclusions in basalts and kimberlites, 
represented higher temperatures. In the USSR, eclogite from Aktyuz, 


Kazakhstan, has been shown to contain garnet with almandine as the dominant 
molecule (FeO 25°13), followed by pyrope and grossular (Dobretsov and 
Sobolev, 1970); the coexisting clinopyroxene has an Fe2*/Mg ratio of only 0:28 
and has Na2O 5:36 per cent. From the Pamirs, an eclogite xenolith in an alkaline 


diatreme was described, containing garnet with a similar composition (Dmitriyev, 
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1966). 

in the unusual sequence of eclogite, eclogite-amphibolite and garnet am- 
phibolite which occurs as lenses or sill-like bodies conformable with pelitic and 
calcareous rocks metamorphosed to the epidote-amphibolite facies at Puerto 
Cabello, Venezuela, the garnets are all almandine-dominant, the eclogite garnets 
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having FeO 22 per cent, ‘the eclogite amphibolite 22-27 per cent and the garnet 
amphibolites 27-31 per cent with CaO fairly constant at near 8-9 per cent 
(Morgan, 1970). Estimates of conditions of crystallization are 525 + 50°C at 


5-10kbar. Zoned almandines and polymetamorphism in eclogitic rocks of Isla 
de Margarita were described by Blackburn and Navarro (1977). In the Andes of 
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Ecuador fine- to medium- grained eclogites occur within a protrusion of serpen- 
tinized harzburgite in the Raspas formation; modal garnet averages 26°6 per cent, 
of composition Alm;3;Gro2¢Py:9Sp2 (Feininger, 1980). 

Nodules of ‘crustal’ eclogites occur in many kimberlites around the edge of the 
Kaapvaal craton in Lesotho although they are absent from pipes within the 


craton. Most of the eclogite garnets are pyrope-almandine ‘but several are 
almandine-pyrope with appreciable grossular content (Griffin ef a/. 1979). in 
eclogite intrusions from Colorado Plateau diatremes, garnets with 55-75 per cent 
almandine molecule have been recorded (Smith and Zientek, 1979), with calcic 


cores (CaO 8:36 per cent) and magnesian rims (MgO S-6 per cent). The Kayrun- 
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nera kimberlitic diatreme in New “South Wales contains two types of inclusions 
one of which contains aimandine-pyrope with grossular ranging Gro —Gro39 
(Edwards et al., 1979), in the other type of inclusions the garnets are pyrope-rich; 
both types of inclusion are considered to have equilibrated at 850-900°C and 
18-23 kbar. 


usions in diamond. Aimandine-pyrope inclusions in a natural dia- 
ve been described (Table 55, anal. 46) by Sobolev ef a/. (1971) from the 
nd by Gurney et al. (1979) from the Finsch Pipe, South Africa. These 


like all those from other high-pressure parageneses (blueschists and 
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eclogites) contain a considerable amount of CaO (= 28 per cent grossular 
molecule), in line with the experimental evidence; e.g. Yoder and Tilley (1962) 
showed that the composition of garnet associated with clinopyroxene will become 


richer in Ca with remote wean pressure. 
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eclogite xenoliths. The Fe/(Fe+Mg) ratio normally increases in the outer zones of 
garnets of kimberlites, but reversed zoning is observed in garnets of eclogites 
(Sobolev ef a/., 1972), this reverse zoning being attributed to alteration in the 
mantle by partial extraction of some components by ascending fluids or partial 
melting. 


Garnet granulites. In rocks of the granulite facies the garnets are typically 
almandine or more rarely almandine-pyrope. In the charnockite series almandine 
occurs commonly in the enderbitic types (Table 55, anal. 28) as well as in the 
more basic two-pyroxene-garnet granulites (anal. 20), and in these garnets the 
Fe: Mg ratio is normally greater than that of any of the coexisting ferromagne- 
sian silicates or of the rock itself (Howie and Subramaniam, 1957). In the Pre- 
cambrian granulite terrains of the world a garnetiferous enderbite is probably the 
commonest rock type. The composition of these garnets is typically 
Alme6o-70Py30-sGro + Ands-20Spi-s. Using a thermodynamically derived 
model for the relationship between the composition of garnet and the Al20; con- 
tent of the coexisting orthopyroxene, Wood (1974) has estimated equilibrium 
conditions for the Madras garnetiferous rocks of 800-900 °C, 8-18 kbar (Fig. 
281). Further descriptions and analyses of garnets from charnockitic assemblages 
have been given by Leelanandam (1966), Sen and Sahu (1970), and Ramaswamy 
and Murty (1974) for Indian occurrences, and by Cooray (1961) and 
Jayawardena and Carswell (1976) for those from the Highland series of Sri Lanka 
(Alme:- s7Pyi6—1sGro + And22~-20Sp2); the conditions of equilibration of these 
last rocks were estimated at 700 + 50°C, 5-7 kbar. In charnockitic areas, 
garnets may also occur in associated quartz-feldspar-sillimanite gneiss (khon- 
dalite); these garnets tend to be richer in the almandine molecule (e.g. Alm¢o- 0), 
see for example Bhattacharyya ef a/. (1970) and Sahu (1973), and may contain 
‘atoll’ inclusions of other minerals. The occurrence of garnet (Table 55, anal. 10) 
in a_ biotite-sillimanite- garnet ‘meta-aplite’ assemblage associated with 
cordierite~K-feldspar pelitic rocks in Bavaria has been described by Blimel and 
Schreyer (1976, 1977). The origin of garnets in the basic (charnockitic) granulites 
of West Bengal was studied by Manna and Sen (1974) who considered that the 
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Co? 
Fig. 281. Calculated pressure- temperature curves for two orthopyroxene- garnet pairs from the 
Madras charnockite series: rock A uncorrected,....rock A compositions of garnet and 
pyroxene corrected for the presence of Fe,0,; and TiO,; — — — — rock B uncorrected, —.—.—.— 


rock B compositions of garnet and pyroxene corrected for the presence of Fe,0; and TiO,. Shaded 
area is probable region of equilibration (after Wood, 1974). 
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garnets are late overprints but have reached exchange equilibrium in respect of 
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major elements; their conditions of cryStaiuization were probably in the range 
750-830 °C, 6-8°5 kbar. 

The almandine garnets of other granulite facies rocks have been examined by 
Philipsborn (1930), Buddington (1952), Eskola (1952), Heier (1956), Drugova 


and “Moskovchenko, (1973) and Fediukova (1977). The almandine- cor- 
dierite- orthopyroxene assemblage is of worldwide occurrence and this has been 
described and investigated by Eskola (1952), Wynne-Edwards and Hay (1963), de 
Waard (1966), and Savolahti (1966) among others, and de Waard has suggested 


the establishment of a biotite- cordierite-almandine subfacies of the horn- 


dine in these rocks is typically near Alig (e.g. Eskola, 1952; Savolahti, 1966). 
The thresholds of the appearance of garnet and the disappearance of cordierite 
were shown by Wynne Edwards and Hay to be given by the values of 2 and 3, 
respectively, for the expression 5 CaO + 2 (FeOQ/MgO), where CaO, MgO and 


FeO are the rock molecular proportions with CaO + MgO+ FeO = ‘1. The 
development of granulite-type metamorphic rocks with a garnet-cordierite 
assemblage in pelitic or psammitic rocks may arise from an increase of metamor- 
phic gradient to above that at which biotite and sillimanite are stable (Blumel and 


Schreyer, 1976), through the reaction: 


biotite + sillimanite + quartz = garnet + cordierite + K-feldspar + HO. 


It has been suggested, however, that some of these garnet - cordierite - sillimanite 


gneisses may represent the residuum left after partial melting of biotite gneiss 
(Doaostal. 1975) 
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Garnet occurs with aluminous orthopyroxene, spinel + cordierite in aluminous 
mafic granulites of the Quairading district of Western Australia (Table 55, anal. 
30). The distribution coefficients for orthopyroxene- garnet and orthopyrox- 
ene-cordierite pairs indicate a near-equilibrium assemblage. Sillimanite- 


earnet —cordierite- hiotite—anartz assemblages occur in Precambrian 
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Pparagneisses metamorphosed in the hornblende-granulite facies in the north- 
central Appalachians (Dalimeyer, 1974 b). Numerous microprobe analyses show 
that the garnet is typically almandine in the range Almy9_ 60Py6- 35Gro2- jo- 


Sp; -4; they are compositionally zoned with Fe-rich rims and Mg-richer cores, but 


are homogeneous with resnect to Ca and Mn. The partitioning of elements between 
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the various silicate phases for these rocks suggests prograde metamorphic condi- 
tions of 700-750°C, 4:0-5°0 kbar. In the northern Transvaai, the stabie coex- 
istence of the cordierite- garnet-hypersthene assemblage in a 4 000 km? area 
south of the Soutspanberg has been ascribed to the reaction garnet + quartz = 


cordierite + hypersthene; element partition coefficients were used by van Reenen 
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and du Toit (1978) to give a P- T estimate of 800°C and 7°5 kbar. 
Sillimanite- garnet gneiss interbedded with hypersthene- plagioclase gneiss in 
the granulite facies of the Tsining metamorphic series of China has been shown to 


contain almandine and almandine-pyrope garnets (Li and Chung, 1965). In the 
Willyama camnileyv af the Rraken Hill dictrict af New South Walec hiah-arade 


¥vYV Aan yaaa ws pPITenr wi CEAW BFPEW AWE BALLER VATEL INE WE ANW VY me haecaed vY¥ AAW, abigpyit ! uuwMwy 
regionally metamorphosed rocks of the granulite facies, garnet (Table 55, anal. 
25) is found both in hornblende- and pyroxene-bearing assemblages (Binns, 
1965). The garnets are mostly in the range Almg7-57Py13- sGro24- 9Spi3- 33 Com- 


positional variation depends on the chemistry of the host rocks. This has been 
rongly confirmed by the later work of Stanton and Williams (1978) on the 
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garnets of the more iron-rich horizons of the Willyama complex which showed 
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that the compositions of the garnets were inherited from the original sediment. 
Binns noted in particular the high grossular content of these garnets from the 
Willyama rocks of basic affinity, in contrast to the virtual absence of this compo- 


nent in almandine from lime-poor pelitic gneisses of equivalent grade. 
Chenhall (1976), however, had suggested that chemical variation in alman- 
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dines of the Willyama complex was related to biotite breakdown with increasing 
temperature of metamorphism, and to the partly grade-dependent partitioning 
relation Mn almandine > Mn biotite encountered in all the almandine- biotite 
pairs studied. Chenhall employed statistical methods to show that neither the host 
rock chemistry nor the oxygen fugacity has any apparent contro! over the 
chemistry of this almandine. Plimer (1976) showed that the Broken Hill garnets 
and biotites were sensitive to metasomatism associated with the orebody but the 
overall garnet-biotite partitioning reationships remained unchanged, with 
Mg/(Mg + Fe) increasing with metamorphic grade. 


The garnet in the garnet orannulites from Doubtful Sound New 
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been shown to range Alms3-4;Py37-2sGro2, ~-;2And4-oSp;. The a Splication of 
two-pyroxene and garnet clinopyroxene geothermometers ied Oliver (1977) to con- 
clude that their conditions of formation from feldspathic hornblende granulites 


were near 750°C, 8 kbar load pressure and 5 kbar H,O pressure. This resulted in 


partial melting in the feldspathic hornblende granulites-the plagioclase 


simultaneously with hornblende, orthopyroxene and oxides to form garnet, 
clinopyroxene, quartz and rutile; cf. the experimental results of Green and 
Ringwood (1967) on the transformation of gabbro to garnet granulite suggesting 
that garnet and clinopyroxene crystallize through reactions between orthopyrox- 


n na 1 
ene and anorthite; see also Blattner (1976). 


In the extensive garnetiferous granulite suites of the Grenville province of 
Canada and the Adirondak Mountains of New York, the occurrence of garnet 
has been studied in detail. Buddington (1965) established three isograds, in- 
dicating increasing grades of metamorphism in the northern Adirondacks based 
on the development of garnet successively in biotite-quartz- plagioclase 
paragneiss, metadolerite and metagabbro gneiss, and syenitic and quartz syenitic 
orthogneiss; see also Engel and Engel (1960) and Table 55, anal. 24. De Waard 
(1965), however, concluded that the presence or absence of garnet is primarily 
controlled by the bulk chemistry of the rocks. He considered that reaction rims 
prove that within the granulite facies a reaction occurs in rocks with excess silica 
by which the orthopyroxene- plagioclase association is replaced by the higher 
density clinopyroxene - almandine- quartz association, and established four sub- 
facies within the granulite facies based on the stable occurrence of almandine 


within the two pyroxene- granulite and hornblende- granulite subfacies. In fur- 
ther discussion (Buddington, 1966; de Waard, 1967), the relationship between 
these two concepts was elaborated and de Waard suggested P- 7 conditions of 
around 760-800°C and 10kbar for the alrnandine-clinopyroxene isograd; see 
also Saxena and de Waard (1969). The occurrence of garnets 
(Alm72 - saPY2 -~25GT016- 19Sp2- 3) in anorthositic rocks (and a charnockite) of the 
Adirondacks has been attr ‘ibuted ( (McLelland and W /hitney, 1977; Whitney, I 1978) 


to the reaction: 
2 CaAl,Si,Oz, + (6 — x) (Fe,Mg)SiO; + x(Fe,Mg) oxide + (x — 2)SiO2 = 


anorthite orthopyroxene quartz 


38 
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garnet clinopyroxene 
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The paragenesis of giant garnets (10- 90 cm across) in the Adirondacks was 
discussed by Shaub (1949). For granulites of the Grenville province, Martignole 
and Schrijver (1973) related the occurrence of garnet with the Fe**/Mg and nor- 
mative An/Ab ratios of the rocks: at low ratios garnet is absent but at high ratios 


garnetiferous oranulites appear. In the eranulite facies assemblages in the Granite 
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Falls— Montevideo area ‘of Minnesota, garnet-biotite gneiss and quartz- 
plagioclase - biotite- garnet- orthopyroxene gneiss are common; plots of coex- 
isting biotite, garnet and orthopyroxene give some crossing tie-lines not adequate- 
ly explicable by P- 7 differences but which led Himmelberg and Phinney (1967) 


to suggest that H,O and/or O, were not perfectly mobile components during 
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metamorphism. The garnets in these | rocks havé compositions near 
AlmegPy23Grog6Sp3. 
In the granulite facies rocks of Lofoten- Vesteraalen, Norway, the garnet is 


apparently secondary and formed by retrograde reactions (Griffin and Heier, 
1969) Almandine garnets form by reaction between nlacgioclase and the iron-rich 
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pyroxenes of monzonitic rocks in reactions of the type clinopyroxene + ore + 
plagioclase > garnet + quartz or clinopyroxene + plagioclase + H.O — horn- 
blende + garnet + quartz, giving rise to various coronas around the pyroxenes. 


Pseudomorphous almandine after plagioclase has been recorded from a 
metadolerite dyke cutting foliated pyroxene-grant ilites in the Jotunheim. Norw ay 
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(Battey et al., 1979). 
In Galicia, northwestern Spain, partialiy zoned aimandine-pyropes from 
granulite facies rocks associated with zoisite have been described (Vogel and 


Bahezre, 1965), and garnet reaction rims between plagioclase and hypersthene in 
a metanorite were discussed by Engels and Vogel (1966) who record many earlier 
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reports of such reaction rims and ascribe their ‘formation to changes in metamor- 
phic conditions, mainly an increase in pressure. From a series of polyphase 
deformed and metamorphosed basic rocks of western Galicia, van der Wegen 
(1978) has analysed 41 garnets by microprobe (e.g. Table 55, anal. 37), and has 


shown that their composition is almandine-dominant but with grossular often ex- 


ceeding pyrope as the next commonest component; some of them are zoned, but 
their range of composition is near Alm79 _4sGroi5 -30F Y10 - 309P1 -2- 
The Lewisian rocks of the Outer Hebrides include garnet granulites (Dearnley, 


1963; Wood, 1975). The application of activity- composition relations combined 
with thermodynamic data on three equilibria reactions gave an intersection (Fig. 
282) indicating conditions of crystallization at 825°C and 13 kbar (Wood, 1977). 
The three equilibria used were 
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plagioclase clinopyroxene quartz 


3CaAl.,Si.0O8 = Ca;3Al,Si;0;2 +2 Al,SiO; + SiO? 
plagioclase garnet kyanite/ quartz 
sillimanite 


and 
CaFeSi20¢ +Y% Mg;Al.Si3;0;2 = Y Fe,Al,Si3;0;2 + CaMgSi.0¢ 


clinopyroxene garnet garnet clinopyroxene 


The garnets of the garnetiferous granulites of the classic Granulitgebirge of 
central Europe (Saxony, Bavaria, Czechoslovakia, Austria) have been examined 


by Scheumann and Huckenholz (1961), Matéjovska (1967, 1970), Kurat and 
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Fig. 282. Thermodynamic data for natural equilibrium assemblages from granulites of South Har- 


wie Oates E¥ahwldan ewith tha anwiNhelsw saantingns ac imdinatad fans tat) Tha ahadad asan ia tha an 
EES, WIULCE RECUERUCS, VVRERE CEBU COQUARESUJE BUSES ECSCCEUELS AS MVIC SIC [OCU LEAL). BEIT SURUTU ACE IS LIT apo 


parent region of ‘bracketing’ of metamorphic pressure and temperature derived from other equilibria 
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Scharbert (1972), Scharbert and Kurat (1974) and by Fediukova (1969, 1971, 
1977, 1978). In the acid granulites the garnets are rich in the almandine molecule 
(Alm7sPy; iSpsAndsGro,) but, with falling SiO. in the rock, garnets of composi- 


tion near Alm..Pv..Sn,And-Gro, occur (Matéinveké 19079) The zoning of 


tion near Alms¢Py33;Sp,AndsGro, occur (Matéjovska, 1970). The zoning of 
garnets in granulites from the Klet granulite complex, southern Bohemia, is 
characterized by an increasing Ca content towards the centre of the grain and in- 
creasing Fe and Mg contents towards the margin; Mn is constant (Fediukova, 
1969). In several types of granulites encountered in a borehole in this granulite 
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Almgo-4sPY36 -11Spi~ 3Ando - 12Gro4 -24) were considered to be related not only 
to the P- T conditions of metamorphism but mainly to the chemistry of the parent 
rocks (Fediukova, 1977). The equilibration conditions were deduced from a study 
of coexisting mineral pairs by Fediukova (1978) as within the range 750-600 °C, 


with nressures less than 7 kbar. The Moldanubian orannilite facies rocks of 
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Lower Austria contain garnets in the range Alme,- 47Pyi6-2sGroi;- 325pi- 3 
(Scharbert and Kurat, 1974); the conditions of metamorphism in this area were 
deduced to have involved a minimum temperature of 760°C and a total pressure 
11 kbar. 


In metanelitic racks from th 
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n I the transi- 
tion from the amphibolite to granulite facies of metamorphism is marked by the 
progressive replacement of biotite via the reaction biotite + sillimanite + quartz > 
garnet + K-feldspar + H.2O, which gives a systematic increase in the 
garnet/biotite ratio with increasing grade (Schmid and Wood, 1976); the com- 


nacition af the garnet land the hintite) hecamec more magnecian with increace in 
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metamorphic grade (though remaining dominantly almandine). The transition 
between amphibolite and granulite facies metamorphism in this zone is calculated 
from thermodynamic data to have taken place at 700-820 °C and 9-11 kbar. 
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metamorphism of pelitic rocks but tends to be restricted t to those aureoles which 
typically contain white mica and which lack potassium feldspar, thus leading 
Tilley (1926) to suggest that it is restricted to wet aureoles. When found in contact 
hornfelses it is normally spessartine-rich; almandines developed during regional 


metamornhicm are commonly destroyed when regional schists are remetamor- 
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phosed within the contact aureoles of later j igneous intrusions. 
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In a review of the problem of almandine in thermal aureoles, Chinner (1962) 
suggested that the almandine-bearing rock composition field in the pyrox- 
ene-hornfels facies was more restricted than in the regional (amphibolite) facies, 


this restriction being due mainly to the stability of cordierite: the plane 
spinel - cordierite- quartz restricts garnet to those rocks with effective molecular 
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ratios (FeO + MgO - +Mn0O)/Al,0; > 1, while within that range cordierite- biotite 
tie-lines restrict garnet to rocks of high (FeO + MnO)/MgO ratio (Fig. 283). 

Thus, where regionally metamorphosed amphibolite facies gneisses of the Scot- 
tish Highlands have been remetamorphosed under pyroxene-hornfels facies con- 
ditions in the Caledonian Lochnagar aureole, almandine has reacted with biotite, 
sillimanite, and muscovite to give cordierite-rich pseudomorphs, but Chinner 
records that where the garnet was armoured from reaction by immersion in 
quartz or feldspar no signs of reaction or instability are observed. In some totally 
reconstituted hornfelses, almandine of composition Alm79Py,;Sp4(Gr + And), 
(Table 55, anal. 7) appears to have coexisted in stable form with cordierite and or- 


able 55, anal. ppears to have coexisted in stable form 
thoclase. 

Garnet (Table 55, anal. ii) from a _ garnet-spinel—cordierite-plagio- 
clase-biotite hornfels around an Aberdeenshire norite has been described 


by Stewart (1942) and from a sillimanite- biotite- garnet-cordierite hornfels in 
the aureole of the Leuchtenberg granite at Steinach, northeastern Bavaria, by 
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Okrusch (1971). The temperature and pressure for the development of this 
assemblage have been variously estimated as 760 to 420°C at 4°8 to 2°7 kbar in the 
outer aureole, but as Okrusch suggested that conditions were near or just within 
the sillimanite field the higher values are perhaps to be favoured. At the inner, 
hotter part of the aureole the high-grade hornfelses containing such garnets as 
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that represented by | anal. 14 give garnet— cordierite geothermometric values of 


850 to 360°C and 4:9 to 1-8 kbar. The calibration of Currie (1971) is the only one, 
however, which predicts increasing temperature at roughly constant pressure, the 
most probable geological situation; thus for the Steinach aureole the preferred 
values are from the outer aureole inwards 760- 850°C and 4:8 to 4:9 kbar. 


An extensive body of pelitic rocks ranging from andalusite-biotite- 
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positions (after Chinner, 1962). 
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quartz- muscovite hornfels to sillimanite-cordierite- perthite- biotite- quartz 
-almandine hornfels occurs in a metamorphic septum near the southern end of 
the Sierra Nevada, east of Isabella, California (Best and Weiss, 1964); an analysis 
of the almandine indicated a composition of Alms;Py,;,Sp;And,Gro,;. A survey 


of 14 oarnet-hearingo and oarnet-free cordierite— nerthite harnfelces from Icahella 
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showed that in the garnet-bearing rocks the An content of the plagioclases varied 
from 21 to 42 (mean 30) whereas in the garnet-free group the range was 20-29 
(mean 23). Almandine ranging Almg2Py Sp3Gr;And,—-Almg3Py;,Sp,Gro,4And, 
was reported from garnet - biotite-cordierite hornfelses from the contact aureole 


around the Tono granitic mass Kitakami mountainland Japan (Onyki 1068) 
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More magnesian almandines, AlmsgPy26Spi3(Gro + And)3, were described in 
porphyrobiasts in a Japanese pelitic hornfeis southwest of Fukuoka (Karakida, 
1969), and Barker (1964b) has described an almandine-pyrope (Table 55, anal. 


41) from a cordierite- garnet hornfels at Cordlandt, New York. The hornfels of 
the contact zone of the Carrock Fell gabbro of the English Lake District is 
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garnetiferous, and partial chemical analyses have shown that these garnets are 
almandine-spessartines with MnO 4:4- 6:9 per cent (Eastwood ef a/., 1968). 

The spatial distribution, size, chemical composition, and nucleation of garnets 
in hornfelses from the Takato area, Ryoke metamorphic belt, and in the 


Tenrvukyvo region of central Janan. have been studied by Ono (1975). Cor- 
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dierite- garnet - biotite- graphite hornfelses occur in ‘dykes’ along the contact of 
the Ronda high-temperature peridotite massif, southern Spain, where the garnet 
is an almandine with FeO 35 per cent (Dickey and Obata, 1974); the dykes were 
believed to be metamorphosed organic-rich muds which entered fractures in the 


hot. colid neridotite hadv ac it was emnlaced into or on cristal cedimentc The 
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rate of breakdown of a garnet-sillimanite-biotite- feldspar assemblage in the 
main aureole of the Ronda peridotite to cordierite- hercynite- feldspar has been 
studied by Loomis (1978a, b, 1979). In the contact aureole underlying the 
Brezovica peridotite, Yugoslavia, almandine rich in grossular (Gro2,) occurred in 


the highest grade metamorphic rocks, in a garnet — biotite— plagioclase rock which 


Vaaw 141g baw Gas a 6a abana 


later underwent retrograde alteration involving development of muscovite and 
saussurite (Schreyer and Abraham, 1977). Here the contact metamorphism is 
considered to have taken place at a depth of about 25-35 km through emplace- 


ment of the hot ultramafic mass in a subduction zone, subsequent obduction in- 


volving the tectonic trancnort of the neridotite with its contact aureole to their 
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present high-level position and causing the retrograde metamorphism of these 
high-grade rocks of the inner contact zone. 

In the aureole of the Fanad granodiorite, Donegal, two generations of 
almandine-rich garnets have been recognized (Edmunds and Atherton, 1971); 
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pseudomorphs and as regrowths on the partially retrogressed regional garnet. 
Microprobe traverses have shown that the new thermal garnets have a different 
zonation from that of the regional garnet and that the latter did not homogenize 
during the thermal event. A garnet with 91:3 per cent of the almandine molecule 


wae rennarted hy Alderman (1025) from a arinerite—hintite hornfele from 
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Botallack, Cornwall, but here the occurrence of a very iron-rich garnet is 

associated with strong metasomatism involving the addition of iron and silica. 
The Nain anorthositic complex, Labrador, was emplaced by multiple intrusion 

into Precambrian rocks ranging from greenschist to granulite facies in 
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anorthosite was probably no higher than 200-300°C. Gneisses and granulites 


Garnet Group: Almandine 585 


with the assemblage  garnet-cordierite-hypersthene~quartz- plagioclase - 
K-feldspar- pyrrhotite-ilmenite (Table 55, anal. 4) are moderately scarce but 
well distributed throughout the contact aureoles in an area of more than 
10 000 sq. km. Locally, garnet porphyroblasts are rimmed by symplectitic in- 


. 
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millimetre to centimetre scale, with garnet-cordierite-hypersthene- quartz 
layers alternating with layers of cordierite- spinel - sillimanite- plagioclase. From 
experimental data on the garnet-cordierite and garnet - cordierite- hypersthene- 
quartz assemblages, Berg (1977) has determined contact metamorphic 

raturac and nraccnrac af 645 ~915°C and co 7- 6° 6 kbar based an analyses 


temper atures ana vP VOOULYoD Vi Vvnvuai, GOVUM VE GALIALY OVO 
of 20 almandines and their coexisting cordierites in pelitic rocks (together with 
other phases from coexisting ironstones.). Garnet-cordierite-sillimanite rocks 
from the contact aureole of the Precambrian Loon Lake monzonitic pluton in 
southeastern Ontario show systematic chemical differences (higher Al, Mg, Fe; 
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associated biotite gneiss country rock, and Dostal (1975) has suggested that these 
garnet - cordierite-sillimanite rocks are probably the residuum left after partial 
melting of the biotite gneiss. Garnet (almandine)-cordierite Archaean gneisses 
in northern Ontario were found to be depleted in potassium with respect to 


acenciated garnet and/nar cardiecrite Fran hintite gnaiceac Uarric 10976\ ana tn 
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have equilibrated at higher metamorphic grades, leading to the suggestion that 
anatexis has given a granite melt, depleting the garnetiferous restite in potassium. 
Prograde and retrograde equilibria in garnet - cordierite gneisses in Massachusetts 
were studied by Hess (1971) who found that all grains of garnet within a thin sec- 
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biotite, the FeEO/MgoO ratio of the garnet rim increased. The distribution coeffi- 
cients given by biotite and garnet in direct contact are greater than those derived 
from the compositions of interiors of garnet matched with the compositions of 
biotites not in contact with garnet. This pattern is believed to result from two 
metamorphic events. 

Former idioblastic almandine-pyrope garnets of an Archaean granulite were 
converted to symplectitic pseudomorphs consisting mainly of cordierite, or- 
thopyroxene, and a more iron-rich relic garnet (Alm76PyisSp3Gr,Uv;) during 
static metamorphism related to the Vredefort structure, South Africa. On the 
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garnet + quartz = orthopyroxene + cordierite, the conditions of metamorphism 
deduced by Schreyer and Abraham (1978) were near 700°C, 5 kbar. In contrast to 
the observations of Berg (1977) on similar symplectites from Nain, the Vredefort 
symplectitic garnets show relatively little chemical variation, either between 


eructale nr within largar cinogla eructale Rishedral almandinac 
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(AlmgsPy7SpsGro;), formed during the contact metamorphism of volcanic rocks 
by a quartz monzonite in eastern Vermont, are rimmed by poikilitic overgrowths 
(Gro3sAlm34Sp28) up to 200 um thick formed during later biotite-grade regional 
metamorphism (Rumble and Finnerty, 1974). The development of gedritites 


laoedrite_ crardisarite_ hintite_ rnrlaginclace_ garnat) the eranntact anranle nf the 
LBULIle m CVILUINITILY ~ UIVEILE PIABIVLIASL™ BAILY in CHIS LVIPILALL AUILUIL UI LHI 


Bystrin granite massif in the USSR, containing garnets with FeO 25-26 per cent 
(= Alms7), has been reported by Gelman (1961). 

In migmatitic pelitic rocks, the cordierite- quartz- garnet assemblage is fairly 
common. This type of occurrence has been investigated from several localities in 
tha Qanttich CaladaniaAa Achu rth ma fh: 107Q\ whan fFraiindn aarnat 
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compositions with 70-80 per cent of the almandine molecule; slight zoning is 
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common and results largely from retrograde diffusive reactions. In the 
migmatitic hornfeises of the Lochnagar aureoile cordierite- garnet - orthopyrox- 
ene and cordierite- feldspar - quartz- garnet assemblages are common, a garnet 


from the latter being represented in Table 55, anal. 6. From the first type of 
assemblage, crvstallization conditions of 700-— 780°C and 4:2 khar were estimated 
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from garnet - cordierite geothermometry. Charlu (1951) recorded garnets 10cm in 
diameter in Sutherland migmatites. Cordierite-biotite- garnet migmatites from 
the Ukraine were reported by Sidorenko (1960, 1961), a garnet analysis being 
given in anal. 23. Almandine (Alm73 ~ 64Py23_3,And2_ 4) has been reported in 


gedrite-cordierite- garnet -—staurolite-sillimanite—-kyanite- biotite- quartz 
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paragneisses which occur as lenses in polymetamorphic rocks of Precambrian 
age in Rajasthan, India (Sharma and Roy, 1979); in this assemblage Kpyy, -. = 
0°45 and the ratios Mg/(Mg + Fe) show that the relative X\,, Values are cordierite 


< gedrite < garnet < staurolite. 


The presence of almandine garnets in igneous rocks is by no means rare. They 
may be considered in three different parageneses: late-stage minerals found in 
granitic aplites and pegmatites, accidental xenocrysts due to contamination by 


roof pendants, etc., and as primary equilibrium phases in some calc-alkali 
granites. 

The almandines typically found in small amounts in granite aplites and 
pegmatites are generally fairly rich in the spessartine molecule (Table 55, anals. 


99 21) and commonly have an intermediate comnosition in the almandine- 
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spessartine series. In the Donegal granite, Hall (1965) has reported almandine- 
spessartine in muscovite granite and leucogranite as weil as in pegmatites and 
aplites; the associated muscovites are poor in manganese (0°06-0°:08% MnO) and 
although the rocks contain only 0°13 per cent MnO, manganese is apparently not 


admitted to the mica in appreciable amounts but becomes concentrated in the 
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residual magma until almandine-spessartine forms. The occurrence of garnet in 
some corundum-normative caic-alkaline intrusive and extrusive rocks has been 
modelled by Cawthorn and Brown (1976) who considered that once the garnet 
began to crystallize from a highly differentiated magma under crustal pressures, a 


reaction relationchin evicts involving the dicannearance of mica and hornhlende 
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Thus garnet occurs in leucocratic rocks such as granites, aplites and pegmatites 
which are devoid of other ferromagnesian phases. An almandine-spessartine 
garnet (containing also CaO 4°54%) has been described from a granitic pegmatite 


conformable with the schistosity of the surrounding gneisses and schists in 
western Moravia (Cerny. 1971): see also Nemec (1976) 
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The many other examples of almandine-spessartine in aplite include those 
described by Haramura (1961), Lopez Ruiz and Garcia Cacho (1975), and 
Callegari (1966). Zoning in almandine-spessartines from the Galway granite and 


its aplites has been described by Leake (1967); these garnets have Mn- and Ca-rich 
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fractionation principles (see also Lopez Ruiz and Garcia Cacho, 1975). Alman- 
dine is not unknown from cavities in rhyolites; Pabst (1938) has described garnets 
in vesicles from rhyolite near Ely, Nevada, and a similar occurrence from the 
Thomas Range, Utah (Table 55, anal. 39), has been studied by Miyashiro (1955) 


who noted that the almandines fram cavities and lithn ohysae j in volcanic rocks 
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were distinctly richer in Mn than those occurring as phenocrysts. Almandine- 
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spessartine from a rhyolite in the Saar area of Western Germany was interpreted 
by Jung (196i) as representing the relic of a rock anatectically melted to give a 
granitic magma. Almandine-spessartine garnets from the Yamanowo pegmatite, 
Japan, contain amoeboid or shapeless inclusions interpreted by Enjoji (1978) as 


representing ‘melt’ as well as inclusions of muscovite; the solid phases in the 
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polyphase inclusions of glass, anisotropic crystals, liquid and vapour appear to 
have a composition resembling muscovite or occasionally augite. 

The coexistence of two phases in garnet from pegmatites in Val Martello, Ita- 
ly, has been recorded by Emiliani and Zeda (1974) who describe on the basis of 


chemical, X-ray and microprobe studies, an almandine fairly constant in com- 


position associated with an almandine- grossular (up to 40 mol. % grossular). The 
latter phase is described as permeating the almandine phase and to have the ap- 
pearance of regular rows or discontinuous rings in the crystals; it was ascribed to 
Ca metasomatism (a somewhat similar description of two phases in almandine 


from a granulite has been given by Cressey, 1978). 


Almandine phenocrysts are also found in many volcanic rocks. They occur 
commonly in andesite or dacite (e.g. Sobolev ef a/., 1955). In the English Lake 
District, Oliver (1956) found almandine garnets in andesite, dacite, rhyodacite, 
quartz porphyry, and andesitic tuff in the Borrowdale Volcanic Series; these 
almandines have appreciable MnO but are poorer in the spessartine molecule 


than those from aplites and pegmatites: thus | the almandine from andesitic tuff 
has 5°5 mol per cent spessartine, similarly that from a dacitic ignimbrite in these 
rocks (Table 55, anal. 9) has 6°8 mol. per cent spessartine (Fitton, 1972), and that 
described by Ermolov et al. (1977) from a granite porphyry in Kazakshtan has on- 
ly 2-6 mol. per cent spessartine (Table 55, anal. 13); see also Taylor ef a/. (1969). 
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Makarov and Suprychev (1965) have described ‘ xenogenic’ almandine- -pyrope 
from dacites and similar volcanic rocks of Transcarpathia with composition 
Alms4Py3;Gro,2And2,Sp, whereas garnets from andesites and dacites of the 
Soviet Far East have been’ described with compositions near 


AlmeoPy29Gro;2SpsAnd, (Sakhno and Lagovskaya, 1970). Electron probe 


analyses of 18 garnet megacrysts of Slovakian andesites and rhyolites (Brousse et 
al., 1972) show average compositions near AimesPy,;4GrogAnd,oSp,4 but with a 
range of composition and zoning with respect to Ca, Mn and Mg. Two types of 
magmatic garnet are recognized in these rocks, those with relatively low Ca form- 


ed under medium pressure in the presence of water, and those richer in Ca (& 
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20 mol.% grandite) ) which Brousse et a/. considered to have formed in the absence 
of water ata pressure of more than i8 kbar, i. ec. in the mantle. 

In some volcanic rocks, the occurrence of almandine is more clearly ascribed 
to contamination, e.g. in the almandine-bearing  biotite-cordierite- 


biotite- labradorite dacite of the Cerro Hoyazo, Spain, where the almandine has 


essentially the same properties and composition (Alm7 Py; iSpsAndg) as that in 
inclusions of almandine- biotite- sillimanite gneisses and quartz-cordierite rocks 
(Zeck, 1968); see also Iglesia Pérez and Martin Vivaldi (1970). In the granites of 
southwest England, the occurrence of almandine due to contamination by pelitic 


roof pendants has been well documented (Brammall and Harwood, 1932), a 
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typical composition being Alm7o9Spi7;PysAnd,; more recently in the rocky off- 
shore outcrop of Haig Fras the granite has been found to contain a garnet near 
AlmgoSp20 in composition (Smith ef a/., 1965). 

The origin of garnet phenocrysts in rhyodacites and granodiorite porphyrites 
in Victoria, Australia, was discussed in some detail by Green and Ringwood 


(1968) who considered that their relatively uniform composition, conspicuous 
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size and subhedral-euhedral form indicated that they had crystallized directly 
from the acid calc-aikaline magma at an early stage of its crystallization; from ex- 
perimental work, they suggested that the garnets began to crystallize at pressures 
of between 9 and 18 kbar, i.e. at depths corresponding with the lower crust or up- 
per mantle; see also Birch and Gleadow (1974). In general agreement with this 
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conclusion are the experimental results of Keesmann etal. (1971), who also point 
out that the instability of almandine at iow pressures and high temperatures does 
indicate that its occurrence in such volcanic rocks must be due to crystallization at 
deep levels prior to extrusion. The La and Y contents of almandine-pyrope 


phenocrysts 1 in acid and intermediate extrusive rocks of the English Lake District 
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led Fitton and Hughes (1977) to conclude that these garnets were incompatible 
with the host rocks but are calc-alkali magma products from lower crustal rocks. 
On the basis of extensive experimental work on the stability of garnet and cor- 
dierite in pelitic compositions, Hensen and Green (1973), however, consider that 
Ca-poor garnet xenocrysts found in calc-alkaline magmatic rocks are derived 
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from admixed pelitic rocks and did not equilibrate with the magma. They suggest 
that these garnets may reflect local crystal- liquid equilibrium at less than 10 kbar 
in a compositionally heterogeneous ‘magma’ and that they may be considered as 
evidence for the presence of mixed ‘crustal’ lithologies in the source region for 


andesitic magmas rather than a more homogeneous peridotite source composi- 


tion. Later T. H. Green (1977) reported melting experiments on a model pelitic 
composition which yielded low-spessartine almandine garnet as an important 
residual phase at pressures above 7kbar. At temperatures above 950°C, the 
garnet has a higher Me/(Mg + Fe) ratio than the coexisting liquid but at this 


temperature this ratio in the garnet is lower than that of the coexisting liquid; thus 


below 950°C acid magmas may fractionate garnet and produce more magnesian 
derivative liquids. This implies that the garnets most commonly found in silicic 
igneous rocks (2-6mol.% grossular and 2-10mol.% spessartine) either 


crystallized from a silicic magma or equilibrated with it. Rub ef a/. (1977) main- 
tained that almandine is found solely in palingenetic granitic rocks whereas the 
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garnet of the monzonite-granodiorite-granite association formed at greater 
depths and pressures and is a pyrope-almandine. 

An interesting combination of events is represented by the garnets from 
plutonic rocks of the composite concentrically zoned Werner batholith in the An- 


tarctic (Vennum and Mever. 1979). The garnets are dominantly almandine 
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(65-70%) with lesser amounts of spessartine (13-29%), pyrope (2-11%) and 
grossular (i-5:6%). Garnets from two contaminated facies (diorite and 
granodiorite) of the batholith itself are interpreted as xenocrysts derived from 


surrounding pelitic metasediments, whereas those from a muscovite aplite dyke 
which intrudes the granodiorite are considered to be phenocrysts. The garnets in 
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the aplite are relatively large (3-4 mm) and euhedral, and have a slightly lower 
Mg content at their rims, consistent with typical igneous zonation. 


Sedimentary Rocks 


Almandine is the most widespread variety of garnet found as a detrital mineral in 
sediments. It is common in rocks of ail ages and is generally present as irregular 
grains which may be fractured or contain inclusions such as quartz or opaque 
oxides. Evidence of both overgrowths and solution of garnets from recent 


fluviatile ecandec ha s been given hu Simpson (1976) Heavy mineral suites from late 
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Palaeozoic sediments from South Africa, Australia and Antarctica are 
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dominated by garnet (mainly due to the loss of unstable minerals such as pyrox- 
enes and amphiboles by mechanical abrasion in beach and fluvial environments 
during periods of deglaciation). A high percentage of these garnets show chatter- 
marks (a function of the distance of glacial transport) and many show well- 


develoned rectanonlar natterns which Gravenor (1979) hac internreted ac in- 
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dicating that etching took place in situ but which are similar to those interpreted 
by Simpson (1976) as representing euhedral overgrowths; see also McMullen 
(1959) and Howie et a/. (1980). In samples from numerous wells in the central 
North Sea, garnet becomes increasingly etched with depth (Morton, 1979a, b ). It 


hac hean cnragected that sarnet 1 he re susceptible t O intrastratal solution 
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than hitherto realized and that its survival may depend mainly on the im- 
permeability of the sediment (Potter, 1968). Thus the use of garnet in 
stratigraphic correlation by heavy minerals should be restricted to rocks with a 
similar lithology. 


Coloure af sarnetc ha ave 
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material. The ratios of purple- colourless to orange- red garnets in 1 the heavy 
mineral fraction have been used to establish provenance of tills in eastern North 
America, though McDonald (1968) found that the compositions of both groups 
are essentially similar except for the presence of minor amounts of Ca, Y, Yb and 
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more objective distinction than colour. 
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Ga p 
found to have a composition Alm79.7Gro25.9Sp2-7Py,.6 (Traill et a/., 1970). If 
the current assignments of bands in supernova spectra are correct, interstellar 
dust may contain two garnets, one of almandine-type (Manning, 1970), the other 
being andraditic. 
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Garnet Group 


rn 
| Spessartine Mn;AL[Si;0,)] | 


Spessartine garnets have a wide range of composition from approximately 97 per 
cent of the spessartine molecule downwards; as can be seen from the 30 chemical 


analyses in Table 56, the main substituent is almandine but spessartines with ap- 
preciable amounts of erossular also occur (e.g. anals. 15, 18, 22, 24, 28, 29, all of 
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which have 23-33 per cent of the grossular molecule). More rarely ‘the andradite 
molecule (e.g. anals. 8, 23, 24) may also be found, which led Fermor (1909) to 
suggest the name spandite for garnets with compositions between spessartine and 
andradite. The pyrope molecule is occassionally important (anals. 7, 17, 26, 30) 
but generally amounts to less than 2-5 per cent, reflecting the geochemical 


association of Mn with Fe’* rather than Mg. Many further analyses of spessar- 
tines are given by Sobolev (1964a), Smith and Albee (1967), Roy and Purkait 
(1968), Némec (1976), Kutty and Iyer (1977), Peters et al. (1977), Grapes and 
Hashimoto (1978), Jobbins et a/. (1978) and Chopin (1978). 


As noted above, the natural solid solution of spessartine with grossular is com- 
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mon (see also Lee, 1962; Smith and Albee, 1967), and it would appear that at 
moderate pressures there i 1S virtually complete miscibility between these two end- 
members; this point has been further studied by Némec (1967). Trace elements in 
spessartine may include vanadium, scandium and zinc; the latter has been found 


as high as ZnO 0°36 per cent in the zinc-rich paragenesis of Franklin, New Jersey 


(Table 56, anal. 18). Qualitative trace element data for six spessartines from 
African pegmatites were given by von Knorring and Baidwin (1969), and include 
Zn, Cd, Ga, Ge, Sn, As and Mo. 

Spessartine in an aplite vein associated with the Galway granite, western 
Ireland, shows pronounced zoning (using the electron microprobe) with MnO 


falling from 31° 35 per cent (Sp 72°5) at the ¢ centre to 25°11 per cent (Sp 57°8) at the 
edge, while FeO varies antipathetically from 12°00 per cent total iron as Fe2O; at 
the centre to 19°76 per cent at the edge (Leake, 1967), agreeing with the trend 
calculated by Hollister (1966) using the Rayleigh fractionation model. The 
garnets from some New Caledonian blueschist ophiolites were found to be 
to iron-enriched rims, e.g. core FeO 6:0, MnO 33°8, rim FeO 12:6, MnO 24°4 wt. 
per cent (Black and Brothers, 1977). As with the other garnets, spessartine must 
also be considered an important minor molecule in other garnet species, par- 
ticularly in many almandines (see Table 55); from 5000 microprobe determina- 
tions on garnets from regionally metamorphosed rocks, Braun and Muller (1975) 
found that the main variation in these garnets was in their Mn content. The Mn 
content of almandines from the finely bedded ‘banded iron formations’ of the 
Willyama complex at Broken Hill was shown to change markedly from one bed 
to the next but to remain extremely uniform within individual beds; Stanton and 


Williams (1978) concluded that despite the sillimanite- grade conditions of 


metamorphism any inter-grain diffusion was restricted to less than i mm and that 
garnet compositions here reflect original rock composition on an ultra-fine scale 
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and have no connotations concerning metamorphic grade (see also Atherton; 


TOLLE 


1Y05). 

The geochemical association of yttrium with manganese gives rise to occa- 
sional yttrian spessartines, e.g Table 61, anal. 9; this pegmatitic specimen con- 
tains also 1:28 per cent additional rare-earth oxides. A spessartine-almandine 


from an alaskite ' was shown to be very strongly enriched in heavy rare earths (ap- 
proximately 5 000 times greater than the standard value for chondrites) and also 
in Y, Sc and Co compared with its parent rock (Irving and Frey, 1978). An yttrian 
spessartine from Elk Mountain, New Mexico, containing YO; 2°01 per cent, 
together with Yb, Er, Dy and Ho was described by Jaffe (1951), who suggested 
the substitutional scheme YAPt = Mn**si™, In the calculations of Table 61, 
p. 630, yttrium and the other rare earths have thus been placed in the eight- 
coordinated position (with Mn?*), and recalculated in terms of the yttrogarnet 
component Y3AI,Al;0,2. A phosphate-bearing spessartine was reported from 
Western Australia, the suggestion of Mason and Berggren (1941) being that a 


proportion of the SiO, groups are replaced | by PO«; the structural balance is 


d ther 


rather poor, however, and there is an excess of divalent ions. 


Calderite. Some analyses of spessartines report the presence of appreciable fer- 
ric iron, i.e. the molecule calderite Mn+*Fe3*Si;,O,>, e.g. Table 56, anal. 11; in 
some modern analyses by microprobe, the necessary distribution of ions to give 
the garnet molecular ratios also indicates the presence of this molecule (e.g. Table 
56, anal. 23). In other garnets calderite has been found to be the major molecule 
present (Table 57). Further microprobe analyses are reported by Schreyer and 
Abraham (1977) for three calderitic spessartines, containing 14-5-35°5 per cent 


calderite. An earlier analysis of garnet with appreciable calderite was reported for 
spessartine from Otjosondu, South-West Africa (Vermaas, 1952); see also Dunn 
(1979). The three microprobe analyses of calderitic spessartine from howieite- 
bearing metachert showed low totals (96:7-98-7%); Schreyer and Abraham 
(1977) reported that they behaved in a very unstable fashion under the electron 
beam and suggested that this behaviour and the low totals might indicate the 
presence of small amounts of a a hydrogarnet molecule, i.e. structural water. A 
calderite~andradite garnet (MnO 19-28%; n 1°890, D 4:07-4°108, a 11°945 A) 
has been reported from a manganiferous iron ore deposit in Japan (Ishida et al., 

1978); according to the assumptions made in recalculation, this has the possible 


formula Cd4;And,4sSpg, or Cd4pAnd;.Grog. 


Experimental Work 

The synthetic production of spessartine was probably first achieved by Gorg 
(1883) who prepare ed alm ost pure material (SiO, 36° 10, Al,O; 21: 25, MnO 
A a L 


42°7%) i in the form of clear yel w icositetrahedra I Dy fusion of a mixture of white 
clay with excess of pure man ganous chloride in a stream of hydrogen saturated 
with water vapour: tephroite and rhodonite also were formed. A phase-rule study 
of the system MnQ- Al,0;-SiQ, by Snow (1943) first demonstrated the artificial 


production of spessartine in stable. equilibrium, while Coes (1955) reported the 
best conditions for its formation from SiO,, Al(OH)3, Al(NO;3)3.6H2O and 
MnO, as 10000 atm and 900°C. Spessartine was produced artificially also by 
Christophe-Michel-Lévy (1953) at 500°C and 500 to 1000 bar pressure, using 
MnCO;, Al2O3;3 and SiQ,: she also synthesized spessartine-almandine garnet (but 


not pure almandine). Likewise Geller and Miller (1959b) carried out experiments 
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Table 56. Spessartine Analyses 












































1 2 3 4 5 6 
SiO, 35°33 36°20 35°30 35°04 36°13 36°6 
TiO, tr. tr. 0-15 — 0:02 0°22 
Al,O; 21°50 20°65 20°66 21°63 21°04 20°7 
Fe,Q, — 024 0°47 — Ol! 0°55 
FeO tr. 0°50 1°96 1:86 2°81 2°01 
MnO 41°06 41:2) 40:26 39°83 37°95 37°6 
MgO tr. tr. 0:00 0°26 0°31 1°2 
CaO 1:02 0:93 0°83 1:78 1:58 1°5 
H,0 — _ — — — 
H.07 } 0:86 _ _ ~ 0-06 — 
Total 99:77 99°73 99-69 100-40 100-11 100-43 
n 1-797 — ~— 1°796 1°798 1:798 
D 4°146 —_ 4:173 — 4:16 4:141 
a(A) 11°594 _— 11-616 — 11-62! 11-614 

Numbers of ions on the basis of 24 0 

“7 . . . . 

st 5°724 | 65-00 9957 L600 3848 L600 5749 L 6-00 914 |. 6-00 5933 | 6-00 
fal Veoivul vv) Vv 154) vest J ve vov | vvuul j 
Al 3°830 3962.) 3-882 | 3°932 3:973 | 3-888 | 
Fe>* _— 0°030 -3°99 0-059 + 3:96 — 0014 + 3°99 0-067 +3-98 
Ti — — | 0019 | — 0-002 | 0°027 | 
Mg — | — |} — | 0:064 | 0-076 | 0-290 | 
Fe** — 0-069 0°272 | 0°255 0-385 0°273 | 
Mn 5-635 F581 5.744 5°98 5.649 F507 5.535 1 O17 5.269 | O17 5.463 F 5°99 
Ca 0-177 | 0-164 | 0:147 | 0°313 0-449 | 0:261 | 

Mol. per cent end-members 
Almandine _ 0:8 1-2 — 5*i 4-1 
Andradite — 0-7 1:2 _— 0:73 1:2 
Caiderite _ — — —_— — — 
Grossular _— 2°0 1:0 2°6 4:3 27 
Hydrogrossular 3°0 _— — — — — 
Pyrope _ _ — 11 1:3 49 
Schorlomite _— — 0-3 _— 0-5 
Skiagite _ — — — — — 
Spessartine 97-0 96-4 96:3 96°3 89-0 86°6 
Uvarovite — _— — ~~ — — 





1 Spessartine, Kinko mine, Yamaguchi Prefecture, Japan (Hirowatari, 1964). 

2 Spessartine, cleavelandite-lepidolite zone of granite pegmatite, Sebit mine, West Suk, Kenya (von Knorring 
and Baldwin 1969). Anal. J. R. Baldwin. 

3 Pale orange spessartine, spessartine- topaz heavy mineral concentrate, Bhuket, Thailand (Howie, 
unpublished). Anal. J. N. Walsh (includes Na2O 0:05, K20 0-01). 

4 Spessartine, Mn mineral vein in gneiss, Baid Knob, North Carolina (Ross and Kerr, 1932). 

§ Spessartine, ferrostilpnomelane - magnetite - quartz-epidote schist, near Staircase Creek, L. Wakatipu, Otago, 
Naw Zealand (Hutton 1962). (Includes Nia Qa 07}. 
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6 Reddish brown gem spessartine, gravel pebble, Umba River, Tanzania (Jobbins et a/., 1978). (Includes Cr203 
0:01, V20, 0-01, ZnO 0°01, K20 0-02.) 
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7 8 9 10 11 12 
36°87 36°28 37°61 36°34 34°85 35°85 SiO, 
0-21 0-04 0°60 0-10 0-41 _ Tid, 
19-96 17°85 20°27 20°25 15-70 20°75 Al,O, 
1:43" 4°17 _ 0:92 8-05 _ Fe,0, 
_ 1°30 0°81 7°30 0°18 9°37 FeO 
37°56 35°97 35°18 34°51 39°45 33°65 Maid 
2°72 — 1:23 tr. 0:00 _ MgO 
1:09 4°39 4°27 0°44 1°95 O71 CaO 
— _— 033 _ — H,0* 
_ _— — — _— H,0 
99°84 100-00 100°30 99°86 100°59 100°33 Total 
_ 1°809 1:°792 —_ 1°835 1°815 n 
_ 4:17 4-160 — 4-178 _— D 
— 11°643 11°623 —_ 11°683 11°606 a(A) 
5.095 [5 Sots [6 S951 [50 Sig lSO oiss [6 109 [600 Al 
3771 | 3°458 | 3810 | 3-909 | 2-949] 3-925 Al 
0:°174 -3°97 0°518 + 3-98 0:000 -3-97 0-114 -4:04 1-016 4-02 _ Fe>* 
0-026 | 0-005 | 0-072 | 0-012 | 0-082 | _ Ti 
0°656 | — | 0:292 1 — | — | — | Mg 
= 0-179 0-108 1-005 0-025 1-290 Fe?* 
5-147 5°99 5.927 Ls: 4-753 Ls 4-811 Ls-8 5-604 5.98 4-691 Le Mn 
0-189 | 0-776 | 0°730 0-078 | 0-350 | 0-125 | Ca 
_— 3-0 — 17-1 _— 18:4 Aimandine 
3:2 13:0 _ 1:3 6:0 _ Andradite 
Ll _— — 13°9 Cailderite 
—_ — 10-0 _ — 271 Grossular 
— — 17 _ — _ Hydrogrossular 
11-0 _ 5°] — _ _ Pyrope 
_ _ _ — _ — Schorlomite 
_ _ _ — 0-4 _ Skiagite 
84-7 84:0 83-2 81-6 79-7 79°5 Spessartine 
_ _ - — _— _ Uvarovite 
7 Spessartine, spessartine-viridine- quartz hornfels, Darmstadt, Germany (Abraham and Schreyer, 1975). 
Microprobe anal. 
8 Spessartine, spessartine- magnetite - hematite - chlorite rock, limestone - schist contact, Monte Arssicio, 
Tuscany, Italy (Leoni and Orlandi, 1975). XRF anal. 
9 Spessartine, Mie mine, Nagasaki Prefecture, Japan (Hirowatari, 1964). 
18 Spessartine, single-crystal in green mica, Benson no.4 Pegmatite, north Mtoko region, Rhodesia (Hornung 
and von Knorring, 1962). 
11 Orange-yellow spessartine, spessartine-rhodonite aggregate, West Tirodi mine, Madhya Pradesh, India 
(Sastri, 1963). 
12 Spessartine, pegmatitic segregation in biotite granite of Trawenagh Bay, Donegal, Ireland (Hall, 1965). Anal. 


R. C. Tyler. 
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Table 56. Spessartine Analyses - continued 












































13 14 15 16 17 18 
SiO, 36°01 35°95 34°62 37°9 36:24 37°18 
mo, O13 O1sS 0°03 _— O28 0°03 
ALO, 20°41 20°79 22°52 19-7 20°36 19°27 
Fe,0; 0°28 0°46 _— 1°8 1°80 2°95 
FeO 7°54 5°86 1°92 3°4 2°90 0°28 
MnO 33°90 33°72 30°51 30°5 30°45 28°90 
MgO 0°56 0°31 tr. 0-2 3°29 0°05 
Cad 1°38 2°56 9°80 6°8 4°45 10°89 
+ . . _ __ 
H.0" 0°04 0°09 lous 002 
H,O — 0-17 J — 0-02 _— 
Totai 100-25 100-06 99°54 100-4 99°84 99-92 
n — 1-798 1-781 1-804 1:79 1:789 
D , 4159 4:15 3°979 —_— 4:07 401 
a(A) 11°526 11°62i 11°683 _ 11-637 11°69 
Numbers of ions on ihe basis of 24 O 
si 59011 a9 5879] 6.00 S515] G9 604] 5827 L699 6007] 
Al 0-099 | Oi2Zi | 0°385 | — | 0-173 | —- | 
Al 3-843 | 3-886 | 3°920 3-734] 3-686 | 3-670 | 
Fe** 0°035 + 3°89 0:057 + 3:96 — 3°92 0°218 + 3°95 6-218 +3°94 0°359 +4-03 
Ti 0016 0:018 0:004 —_— | 0-034 | 0 004 | 
Mg 0:137] 0-076 | — | 0-048 ] 0-788 } 00127 
2+ . . . . . . 
Fe 1-033] 64) 0801 | 5 op 0260| 4.5 0457|,, 0390| . 95 0038 | 5, 
vil 4 (UD 4 0/1 4+ 17S 4 1D + 14/ I FIO 
Ca 0°242 0-449 | 1-703 | 1-172 | 0-767 | 1-885 | 
Mol. per cent end-members 
Almandine 14:2 12°3 —_ 78 2°8 0-6 
Andradite 0°6 1-1 — 5°6 5:0 9-1 
Calderite _ _ _— _— — — 
Grossular 3°0 5:7 25:2 14°5 7:4 23°0 
Hydrogrossular 0:2 0°5 0-7 _— 0-1 _ 
Pyrope 2°3 1:3 _— 0°8 13°4 0-2 
Schorlomite 0:3 0-3 = = 0°6 = 
Skiagite _— —_— _ — — — 
Spessartine 719-4 78-8 74:1 71:2 70-7 67°! 
Uvarovite _ — _— _ —_ _— 
* Includes Zn 0:043. 


13 Spessartine, biotite pegmatite, Budislav, Bohemia (Novacek, 1931). 

14 Spessartine, quartz- glaucophane - stilpnomelane schist, San Jan Bautista mine, southeast of San Jose, Santa 
Clara County, California (Hutton, 1962). 

15 Spessartine, Furujuku mine, Yamaguchi Prefecture, Japan (Hirowatari, 1964). 

16 Yellow spessartine, ‘spessartinfels’, manganese silicate band in metamorphosed radiolarites, Bernina Alps, 
Switzerland (Trommsdorff et a/., 1970). Anal. W. Stern (includes Na2O 0:1). 

i7 Spessartine, pyrrhotite-spessartine skarn, Meidon, Okehampton, Devonshire (Howie, 1965). Anai. R. A. 
Howie (includes Na2O 0:03, K20 tr.). 


12 Bright orange-red, calcian zincian snessartine-erossular, veins in massive andradite 
& Bright orange zincian sp iné- gro veins in massive andradite 


sUkl, Sess SOE f SSS, 


(Frondel and Ito, 1965). Anal. J. Ito (includes ZnO 0:36, Na2O 0°01). 
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19 20 21 22 23 24 
35°91 36°57 36°52 37°39 33-2 37°51 SiO, 
— 0-18 0-00 0°42 — 0°30 Tid, 
20°12 20°70 21:00 20°18 11:3 17°94 Al,O; 
nA 1A-O% Att La mM 
— — — vu ti 1c 7 ?* TU rou; 
15-05 14:22 14:27 5°47 _ 0°34 FeO 
27°66 27:42 26°41 25:96 35-6 25-0 MnO 
0°47 0°56 ~ 1°32 ~ 1°54 MgO 
0°39 0°66 1°88 8°58 5-0 12:07 CaO 
— — — _ i 0-08 H,0* 
— — — — ~~ 0-01 H,0° 
99-60 100°31 100-08 99-79 100-0 99°7 Total 
1-808 1-813 1-805 1-798 1°795 n 
— — 4117 4:14 4:05 D 
11-596 11-589 — — 11°72 a(A) 
5-949 5-969 5-969 5-994 5°736 6-009 Si 
0.081 (600 aos [6°00 o.051 | 00 0-00 [00 0-264 | ‘0 Al 
3878] 3-952 | 4014 3807) 2-037) 3°388 Al 
— — | 398 — 0:057 | 3°92 1-937 | 97 0°567 | 3°99 Fe** 
— 0:028 — 0:051 — 0-036 Ti 
0-116] 0-136 | — 7 0-315] — 7 0-368 | Mg 
2-085 | 1941 L 1-950 | 0-733 | a . 0:046 | Fe?” 
3881 | 6°15 3-791 5°98 3656 | 5°94 3525) 6°05 $210) 3-393 75°88 Mn 
0-069 0-115 0°329 1-474 0-926 2-072 Ca 
31-0 32:3 32:9 8-4 0-8 Almandine 
— _ — 1°5 16°1 14°5 Andradite 
— _— — — 23°7 — Calderite 
1:2 1:9 5°5 23:9 20°4 Grossular 
— — _ — _— 0°4 Hydrogrossular 
1-9 23 — 5°4 _— 6:2 Pyrope 
— _ — _ — Schorlomite 
_— _— _ _ _— _— Skiagite 
65°9 63:5 61:6 60°7 60:2 57-7 Spessartine 
_ Uvarovite 


19 Spessartine-almandine, pegmatite, Kolmozero, Kola Peninsula (Sobolev, 1959). 


20 Rose-brown spessartine, granitic aplite cutting Monte Redi Castello tonalite, Daone Valley, Adamello massif, 
northern Italy (Callegari, 1966). 

Zi Spessariine, pegmatite, Avondaie, Delaware County, Pennsyivania (Strock, 1936). 

22 Spessartine, metachert associated with glaucophane schists, Valley Ford, California (Bloxam, 1959). Anal. 
T. W. Bloxam. 

23 Calderitic spessartine manganoan cummingtonite- specularite- quartz rock, Wabush metamorphosed iron 
formation, Labrador (Klein, 1966). 

24 Spessartine, piemontite- phlogopite - feldspar- quartz schist, San Bernardino Mountains, north side of San 


Gorgonio Pass, California (Smith and Albee, 1967). Anal. D. Maynes (includes Na2O 0°10, K,0 0°10, P20s5 
0°02). 
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Table 56. Spessartine Analyses - continued 
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siO, 36°15 37°58 36°38 37°18 37°57 38-0 

Tio, 0-18 0:24 0:20 0:09 0-32 0:14 

Al,O3 20-06 20°69 20:08 20:90 21:07 21:3 

Fe,0; 0°80 0°97 1-06 1°15 0°83 _ 

FeO 16°85 11°86 17°40 3°52 8°34 16°3* 

MnO 23-96 23°84 22°64 22-36 18-50 15:4 

MgO 0°31 4:04 0°86 1°38 0°65 5°25 

CaO 1:16 0°81 1°44 13°18 12°46 4:40 

H,0° _ — — 0-15 0:06 _ 

H:0° _ — — 0-07 ~— ~ 

Total 99-66 100-03 100:22 99-98 99-80 100-83 

nt 1811 1:788 1°815 1:782 1-802 1-790 

D 4:21 4:106 4:26 3:96 3°79 — 

a(A) 11-587 11-55 11-585 11-708 11-718 11°597 
Numbers of ions on the basis of 24 O 

Si 5-968 5-990 5-953 5-88] 5-957 5:94] 

Al 0 05n f 6-00 0: ots 00 5 oa; [6-00 3 9 f 6-00 595" [6-00 509 6°00 

Al 3°871 3° Ne 3°826 | 3778 | 3-895 3°86) 

Fe** 0:099 +3:99  0°116+4:02 0°131 13-98 0°137+3-93 0:099+4:03 — + 3-89° 

Ti 0-022 | 0-029 | 0-025 0-011 0-038 0016 | 

Mg 0-076 | 0°960 | 0-210 | 0°325 | 0°154 1:223 | 

Fe?* 2326 1°58] 2°381 0°466 1:106 2-131 

Mn 3-350 15:96 3-219 Ls ‘90 3-138 bs "9B 2.996 [5°02 9.484 5-86 2-040 [ "13 

Ca 0-205 | 0-138 | 0-252 | 2-234 | 2-117] 0-737 | 
Mol. per cent end-members 

Almandine 39-0 26°8 39°8 6°4 18-9 32:2 

Andradite 2°5 2:3 2°9 3:3 2°5 _— 

Calderite —_ — — — — _— 

Grossular 0-9 — 0-9 33-4 33-3 12°4 

Hydrogrossular — — — 0°8 0:3 — 

Pyrope 173 16°3 3°5 5:4 2°6 20°7 

Schorlomite —_ — 0°4 0:2 — _— 

Skiagite — — — _— — — 

Spessartine 56:2 54°6 52°5 50°5 42:4 34°6 

Uvarovite — — — _— — 01 

> Includes Cr?* 0-005. 

25 Spessartine, pegmatite in biotite granodiorite, Chwalkéw, Sobotka, Lower Silesia, Poland (Fajklewicz, 1969). 


(Includes POs 0°19). 
Pinkish-orange spessartine, spessartine- quartz- mica coticule in schist, Mill Hollow, Aistead Township, New 
Hampshire, U.S.A. (Clifford, 1960). Anal. E. Paket 


97) Det lhenum craccartinaalmandina aranitic negmat 
ai KRCG-oToOwn SPIO LIEIE” qimanaine, granitic pve 


1963). (Includes P20, 0°16). 

28 Garnet, garnet -quartz- amphibole - diopside - feldspar calc-silicate rock, Sakarsanahalli, Kolar, India (Kutty 
and lyer, 1977). 

29 Garnet, Kaneuchi mine, Kyoto Prefecture, Japan (Ashida and Onuki, 1963). 

30 Spessartine-almandine, garnet quartzite, Raum Brezovica, south Serbia (Karamata ef. a/., 1970) (Includes 
Cr2O; 0°04). 


s 
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Table 57. Calderite Analyses 




















3 

SiO, 32°3 32°4 35°16 
Fe,0; 31°4 31:4 16°27 
MnO 24°4 29°0 27°38 
Cad 12°1 8°§ 12°12 
Totai 100°2 101°3 100°75 
n 1:934 _— 1:875 
a(A) 11°875 — 11°81 
D _ _— 5:07 

Numbers of ions on the basis of 24 O 
Si 5: "799 5° °807] 5-942 
Al | 6:00 | 6:00 0:058 + 6:00 
Fe** 0-201 0°193 — J 
Fe** 4-042 4-042 2-069 | 5 96a 
Al — ~~ 1743 
Mn 3-711] 4°403 3-919] 
Mg _— | 6-04 — | 6-04 0-126 16-24 
Ca 2°328 | 1°632 | 27195 | 

Moi. per cent end-members 
Andradite 40:1 28:1 37°8 
Caiderite 59-9 71°9 15-7 
Pyrope —~ _— 2°] 
Spessartine — — 44°4 
* includes TiO 0:036 


1 Dark yellow calderite, aegirine- rhodonite-specularite- rhodochrosite assemblage, Wabush Iron Formation, 
Labrador (Klein, 1966). 

2 Dark yellow-brown calderite, quartz-specularite- rhodonite- kutnahorite- calcite rock, Wabush Iron 
Formation, Labrador (Klein, 1966). 


3 Dark reddish brown caiderite, garnet pyrolusite rock, Otjosondu, Namibia (Southwest Africa): 


1952, garnet 1) (Dunn, 1979). (Includes TiO, 0°28, Al,O; 9:04, MgO 0- 50). 


tr Apatarminas the extent tn which Fe*3 can rarnlans A 1+3 wr oot nthetic enececartina 
LU UCLOCLEIATLEIG ULIU ALOLiL LYE WHILILEL DU 1 ivplavce fal dik oy LULIOLL & Spessdl LLile, 
The best reaction mixture, with 30 atomic per cent of Fe, was heated at 1250°C 


for 20 hours: not all the available Fe entered the structure but the product had a 
11°658 A, a value considerably larger than that for pure synthetic spessartine. 
Spessartine was grown in the temperature range 410- 800°C at pressures of 


EN_1 ENN atm hu Matthec (10Kta\l whra alen invactiagatad a variatu af nnaeccihla 
aU 1 vVYV atill vy IVILALLELDS \iszulay), WLW GAEOY ILIV OUIBAILU GQ Variety Vl PuUoolVuI 


solid solutions, including these with Mn3*Mn3*Si;0,, (blythite) and hydrospessar- 
tine. This range was later widened by Hsu (1968) who showed that spessartine is 
stable in the whole temperature range 365-900 °C at 500-3000 bar P,, ,, but that 
with decreasing temperature below 600°C the garnet becomes increasingly 


rdeatea tin nw AF cenconetina at high mencoiesn rlane\ hae haan 
hyd atea. The melting of SPlsosal tine at high pressure (8- 32 kbar) lad UCC! in- 


vestigated by Mottana (1974) who found that it melts congruently over this 
pressure range along a curve represented by the equation 7 (°C) = 1 205 + 16°5 P 
(kbar). The spessartine synthesized at high pressure had n 1:799, a 11°617A. 
Using undried capsules with normal atmospheric humidity, the beginning of 


wart 


alti te Inwered vy eama ONIN na ha At 
meiting ko IVWwWeILU by some Ov w\Y ana may oecome incongr uent, At vely high 


pressures (120-170 kbar), MnSiO; glass has been observed to transform com- 
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pletely to a garnet structure with a 11:765A (Ringwood and Major, 1967) with a 
possible structural formula of Mn3(MnSi)Si30)2. 

In the Mn;A1,Si;O;2 (spessartine) - Fe;A1,Si;0,2 (almandine) series, complete 
solid solution was found at around 750°C and 2-3 kbar (Hsu, 1968), the values 


of no aand the cell valime varving Hnearly with camnnctian Uvunathetical nhace 
VL Phy CH GALINA LEI WEEE VURULEEIS VCE yids, LLAEO CUE LY WELLE CYEIEIUOLUIV, DEY PULIIClLIVal piraosl 


diagrams for the compositional plane Fe;Al,Si;0,.-Mn3Al,2Si;0,2-H,2O were 
also presented. 

For the Mn;3Al,Si3;012 (spessartine) - Ca3A1,Si;0,2 (grossular) join, Ito and 
Frondel (1968a) demonstrated complete solid solution, the properties showing 


straight-! nea relati anchine with nd decreasing wt 
aigiie- line ri auonsnips Wit @& increasing and 7” Gaecreasi ng wi 


substitution of Ca for Mn (see also Hsu, 1980). 

On the Mn;Ai,Si;0,>2 (spessartine) - Ca3;Cr2Si30,2 (uvarovite) join, Naka ef 
al, (1975) found that at 27:5 kbar and 1450°C powdered mixtures of the synthetic 
end-members yielded continuous solid solutions for which the cell edge and 


refractive indey vary linearly with composition. At 1 atm pressure ay nartial 
PNLLGULEVE 1EIUUSA VL Y sisival 1y With WV PEPPY OLULUIl, OLE 2 Abilis PLVOOULL, in air, palitlias 


solubilities were found up to 20 mol. per cent from each end-member; a 50: 50 
mixture breaks down at 1050°C, the minimum melting temperature in the solid 
solution series. The partial stability at 1 atm in air was tentatively attributed by 


Naka et al. (1975) to the instability of Mn’* and the low temperature of reaction. 


The nocecthilitu af the renlacement af (Mn Si) hye (V AD tin vttrinm_hearing 
BIS PUSSIUey Ua CI Pe paints GL Lively UY UE fang Lah YCUIUTN-OC GLE 


spessartine (Jaffe, 1951) was examined by Yoder and Keith (1951) using mixtures 
of SiO2, Al,03, Y203; and MnCO; in varying proportions prepared as glasses and 
held at temperatures 1080-2180°C and then quenched. A complete series of mix- 
ed crystals were obtained ranging from spessartine, Mn3Al1.(SiO,)3, to yt- 


tronoarnet AILUMAIO DY. occurring ac minute light areen tentranic araing: at 
wrogarnet, y gfe Aastyay3, OCCUTTING aS Munuce, ugnt green iSOmropic Brains: at 


about 1970°C the yttrogarnet inverted to a high-temperature tetragonal form, yt- 
troalumite. Further experimental work on substitutions of various elements (Be, 
Mg, Ca, Sr, Ba, Pb, Cu, Ni, Co, Fe’*, Se, Y, Zn, Cd) for Mn in spessartine, as 
well as replacing its Al by Sc, Y, Zr, Ti, Cr, or Fe** was reported by Hrichova 


{1970) Thece experiments involved solid-state reaction wcing 3 ad nellets nF 
B77 fy. a NeSe CXPeTiIMencs INVOi 1G-State Teacuon using sintered peuets OF 


the desired composition heated at about 1100°C for 5-10 hours sealed in a vessel 
at normai pressure, both in air and in argon. Various phases unstable in air were 
successfully produced in an argon atmosphere; the cell parameters and infrared 


absorption maxima are reported for all these phases. Hrichova (1970) records 
that Ra Co Ni and 7n ciuhectituted cneccartines conld not he ohtained and that 


that Ba, Co, Ni and Zn substituted spessartines could not be obtained and that 

only minor Pb could be introduced, all unsuccessful runs giving a spinel. For Al, 
Y and Sc could be substituted in an argon atmosphere, and Zr and Ti were suc- 
cessfully introduced in air; attempts to substitute Cr or Fe** for Al in spessartine 


were unsuccessful. 
The firct synthesis af calderi was re 


The first synthesis of calde repo 
pressure < 45 kbar, but later lattempts by Geller and Miller (1959b) to produce 
pure calderite were unsuccessful. Recently garnets close to the ideal calderite 
composition with admixtures of 9-18 mol. per cent of the skiagite molecule 
(Fe?*Fe3}*Si,O,2) were synthesized at near 30 kbar and 750- 1000°C under the ox- 


woen fiugaritiac Af the magnetit hamoatita hiuffar (Grheaver anA Dallas 1QQ1\ 
J&L 1UBAvVILIvS Wi Lit magnetite -nematite VuIleEl (POUL eyel alu Dallel, I7F7OL). 


The physical properties calculated for end-member calderite are 1 1:97, D 4:45,a 
8:134A, indicating that calderite bears the same relationship to spessartine that 
andradite does to grossular (Fig. 284). At pressures less than approximately 26 
kbar the synthetic calderite-skiagite garnets break down; at below 800°C the 


accemhlage MnGid, (pyroxmangite \+ hematite farme and at > 900 °C MANN 
assemodiage NMINSIO; (pyroxmangite) + hematite forms and at 2 MASI 3 


coexists with a spinel phase. The high-pressure stability field of calderite led 
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Schreyer and Baller (1981) to adapt the plot of Novak and Gibbs (1971) of the 
radii of the octahedral versus the eightfold coordinated ions (Fig. 235, p. 474) by 
the addition of isobars delineating the approximate low-pressure limits of stabili- 
ty of the various garnet end-members for an arbitrary fixed temperature of 


1000 °C (Fig. 285). Thus the low-pressure species are spessartine, andradite and 


uvarovite; this low-pressure trough is surrounded by the medium-pressure garnets 
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Fig, 284. Relationshin between refractive indices and cell edge for end-member 
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(after Schreyer and Baller, 1981). 
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Fig. 285. Radii of octahedral ions v. the eightfold coordinated ions for garnet end-members (follow- 
ing Novak and Gibbs, 1971) with isobars delineating their low-pressure limits of stability at 1000 °C 
(after Schreyer and Baller, 198t). 
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grossular and almandine, and then those garnets with small eightfold coordinated 

metallic ions form a high-pressure field with pyrope and then calderite, and with 

the suggestion that knorringite and the theoretical end-member compositions 

Fe3"Fe3" SuO (sKiaghe) and Mg;3Fe3*Si;0,2 (khoharite) are only stable at still 
(< 


12 
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Colour. Spessartine varies in colour from black or dark red, sometimes with a 
violet tint, to brownish red, brown or yellowish orange. In thin section it is pale 
pink to pale brown and sometimes may show zoning. As with other minerals rich 


nda Fa alt nd avida 
in manganese, Spessar tine may unaergs Surrace a aiter ation ana oxidation to a mix- 


ture of black manganese oxides and hydroxides. Calderites are dark yellow in thin 
section. Transparent orange, reddish orange, and red-brown spessartines are 
prized as gemstones; the pale orange spessartine from Rutherford pegmatite, 
Amelia Courthouse, Virginia, was found to have a composition Spy;Alm;Gro, 


wheraac the raddich hrawn carnet fram the came neacmatite had Cn Alm len 
WIIRTULGS LIL LUEUUdOL) UlUWail Bal €Iwt @bLwibs tne Sail PS iMatite meu OP sQrsiligj3wlu7 


(Sinkankas and Reid, 1966). The optical absorption spectrum of a spessartine was 
studied in detail by Manning (1967a), and the infrared spectra of synthetic solid 
solutions in the spessartine-uvarovite series have been interpreted by Suwa and 
Naka (1975). The principal absorption maxima in 19 partially substituted syn- 


thetic cneceartines were tahnlated hy Urichova (1070) The infrared enectriim ofa 
LAIVLIN 9pPeooal LALIWOS WHI LavUulatru vy Zhi IvViivva \iz PJ BEINN BELLI QIU OPREdrliulll VIIa 


synthetic spessartine-almandine was given by Langer and Abu-Eid (1977). 


Physical properties. The magnetic susceptibilities of several partially analysed 
spessartines have been determined by Nathan ef a/. (1965) and found to increase 


with increacina Mn) cantent ta arnund @4 x 1N% 2 wm fara nure cneceartine: in 
Wieiitil BSE OTE AVELING GUVEIULEIL CY QIVUullU OF x iv Qe. m.u. mira puir 9prVoval taniny Gnd 


examining numerous spessartines and almandines from schists and pegmatites, 
these authors also confirmed the earlier observations of Chinner (1960) and Lee 
et al. (1963) that the smaller crystals of garnet contain relatively higher amounts 
of MnoO. For a wider discussion of physical properties (refractive indices, den- 
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Paragenesis 


Spessartine is rather less common than many of the garnet species. Although the 
spessartine molecule is often present in significant amount in almandine from 
granites and rhyolites and from metamorphic rocks, especially those of thermal 
aureoles, it is rarely dominant in such environments. Garnets in which spessartine 
is the principal molecule are found in some skarn deposits (e.g. Table 56, anals. 8, 
17, 18) and frequently occur in manganese-rich assemblages, with rhodonite, 
pyroxmangite, tephroite, etc., of metasomatic origin associated either with adja- 
cent igneous intrusions or with a more widespread regional metasomatism; see, 
for example, Yosimura (1939), Jonas, (1942), Lee (1955), and the comprehensive 
symposium on manganese deposits edited by Reyna (1956). Experimental work 
has demonstrated that a complete solid solution exists between grossular and 
spessartine, leading to the suggestion (Hsu, 1980) that the rarity of the occurrence 
of the intermediate grossular-spessartine garnets might be attributable to the lack 
of rocks with appropriate bulk chemistry rather than to the P - T conditions. 

The spessartine of Table 56, anal. 11, is from the West Tirodi manganese 
mine and other examples of spessartine from this type of  spessar- 
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tine- rhodonite- blanfordite- juddite assemblage have been described by Roy and 
Purkait (1968); see also Roy (1966). In the manganese deposits of Buritirama, 
Brazil, fairly pure spessartines (MnO 36°6-38°0 %) occur associated with 
tephroite and pyroxmangite in Mn-rich calc-silicate marbles (Peters et a/., 1977). 


A + rhad t Lh 
A spessartine-rhodonite-johannsenite assemblage resembling the kodurites of 


India has been reported from marbles invaded by pegmatites in the Strona Valley, 
Novara, Italy (Bertolani, 1967) and a spessartine- rhodonite - tephroite- tinzenite 
assemblage from the Sanbagawa metamorphic zone, Japan, has been described 
by Miyahisa ( 1969). Scheelite deposits in Japan have grossular-spessartine- 


alemmandain al, 
aimandine garnets (Shimazaki, 1977); zoned garnet from a garnet- clinopyroxene 


skarn from the Kuga mine, 90 km NNE of Tokyo, however, has a spessartine- 
grossular-almandine rim (Sp;;Gro29Alm,,Andy,). The development of concentric 
zones of spessartine and sericite around sodic plagioclase has been reported in the 


hydrothermal alteration of a granite to a leucocratic sodic syenite in New South 


Wealec (Dlimar 1074 
Wea@al0s (UF liner, 19 74). 


Spessartine-bearing veins also occur in regionally metamorphosed sediments 
of greywacke type (Table 56, anal. 5), and in gneiss (anal. 4), while Bloxam (1959) 
records spessartine from a metamorphosed chert (anal. 22). Garnets from a 
similar association of blueschists and metachert from northern New Caledonia 


1 L tah t al dA: 
were also shown to be spessartine-almandines, with a core sometimes much richer 


in MnO (33°8%) than the rim (24°4%) and a spessartine- muscovite - Na- 
amphibole - quartz schist was reported from Formosa by Wang (1965). 

Another well-known spessartine paragenesis in regionally metamorphosed 
rocks is the spessartine- piemontite- mica assemblage (e.g. Table 56, anal. 24), 


see also Meinhold and Frisch (1970), Jan and Symes (1977), Grapes and 


Hashimoto (1978) and Chopin (1978). Such manganiferous schists may also 
display the spessartine- viridine assemblage (Table 56, anal. 7), and spessartine- 
stilpnomelane assemblages are known from New Zealand (Hutton, 1962), and 


from California (anal. 14); see also the zincian spessartine-stilpnomelane 


assemblage reported from Franklin, New Jersey (Frondel and Ito, 1965). The 


spessartine of anal. 16 is from a manganese silicate band in metamorphosed 
radiolarites in the Swiss Alps. Spessartine- rhodonite rocks in amphibolite facies 
Lower Proterozoic rocks of the Anabar block have been described by 
Ponomarenko (1973). Almandine garnet becomes unstable in metapelitic rocks 


hiactad ta alkah-. t 
subjected to alkali-quartz metasomatism at low temperatures under conditions of 


the quartz-albite- muscovite facies and is replaced by a secondary garnet of 
markedly different composition. Beikovskiy (1973) found that such garnets form- 
ed at P - T conditions transitional from the epidote-albite amphibolite to the 
greenschist facies are spessartine-rich, and confirmed that Mn-rich garnets are 


etahloain tha art7z— alhitea_m 
stable in the quartz-~ albite- muscovite- chlorite subfacies or the g 


of progressive regional metamorphism. 
Spessartines are also known from low-grade regionally metamorphosed pelitic 
rocks as in the manganese shale horizons in the Cambrian of the Harlech Dome, 


Wales (Woodland, 1939); a spessartine from this horizon was shown by Mohr 


(1OS4\ tnh X1- : 1 . 
(1956) to have 21:0 per cent MnO and spessartines with up to 38°91 per cent MnO 


have been described from the Gamlan Flags and Grits of this area by de Bethune 
(1972) who also showed that these spessartines were zoned with Mn diminishing 
outwards. Palaeozoic metasediments from western New Hampshire consist of 
delicately interbedded spessartine-quartz-mica horizons, for which Clifford 


(1960) ha dad the te at 
(1960) has revived the term ‘coticules’, and micaceous siliceous schist horizons, 


respectively representing original manganiferous sandstones and _less 
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manganiferous sandy argillites, which have subsequently been elevated to the 
sillimanite grade of regional metamorphism; the spessartine from these coticules 
is a spessartine-almandine-pyrope (Table 56, anal. 26). A rather similar composi- 


tion (SpssAlm2,And¢PysGro2) has been reported for spessartine from spessar- 
tine-—aquartz metasediments (coticules) from the Lower Ordovician of Nova 


VAsaw My SSR SS SEAN ERR Rees Uw ew eRe SR RRR SEEN BU M7 ee YT awaeeee aw 


Scotia (Schiller and Taylor, 1965). Similar clusters of zoned manganiferous 
garnet have been described aiso from metamorphosed Mn-rich sediments in the 
aureole of the Leinster granite, Ireland (Kennan, 1972). 


Spessartines from manganese silicate-carbonate ores have been described 
from the Ukrainian Carpathians and shown to be spessartine with subsidiary 


wee Heese We 


grossular and almandine molecules (Matkovskiy, 1971). The calderite spessartine 
of Table 56, anai. 23, and the caiderite of Tabie 57, anais i and 2, occur in a Mn- 
carbonate-specularite- quartz assemblage representing a regionally metamor- 


phosed iron formation (Klein, 1966), and other calderitic spessartines have been 
reported from howieite-bearing metachert from Brezovica, Yugoslavia (Schrever 


AJ tee ae esl 22h Bw BE TA SEE BSS EO eA RN EES AE Ey 8 A AE Vi EEE 


and Abraham, 1977). Spessartine-grossular-almandines are also known from 
caic-silicate rocks in the Archaean of the Kolar district of India (Kutty and Iyer, 
1977) where they are again associated with or derived from manganese carbonate 


~ clinozoisite rocks. Spessartine quartzites are also known from many areas of 
regional metamorphism where the garnet is generally a spessartine-almandine 


onal metamorphism where the garnet is generall a spessartine-almandin 
(e.g. Table 56, anal. 30). 

In igneous rocks spessartine is known mainly from granitic pegmatites and 
aplites. Some of the most Mn-rich spessartines are known from this paragenesis 


(e.g. Table 56, anal. 2), but more frequently they are spessartine-almandines in 
composition (Table 56. anals 10, 12, 13, 19, 20, 21, 25 27) of varying Mn/Fe 


wwrssa pr cstawas BAVAY YW y GssHsc. ww Rhy Rwy BH y Sey Soe min y ¥ Gea Ysa avass/ 


ratio but with virtually no other appreciable garnet molecule. Spessartine from 
aplite (anal. 20) has been described from the Adameliio massif, northern Italy 
(Callegari, 1966) and accessory spessartine has been described from the biotite 
granites (anal. 12), pegmatites and aplites of the Donegal granite, Ireland (Hall, 


1965), and from an aplite associated with the Galway granite (Leake, 1967). 


aww aww 


Spessartine-almandine (anal. 27) occurs in a two-mica granite in Lower Silesia 
(see also Fajklewicz, 1969) and a review of many spessartines reported from 
pegmatites in Bohemia and Moravia has been given by Némec (1976). 

The yttrium- bearing varieties (Table 61, anals. 8, 9) are restricted to a 
pegmatitic paragenesis (see also Wakita et al/., 1969; Luntz, 1972). Small pale red 


HAssBe sey PGs Bwsseosd Lee Bey Yarns fe a7 eo tilts aki ites 


to brown crystals of spessartine have been found enclosed in massive sphalerite 
from a Finnish pegmatite (von Knorring, 1946). Flat crystals of spessartine be- 
tween muscovite ‘books’ in pegmatite have been recorded by Gresens (1966). 
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| Grossular Ca;Al,[Si;0,2] | 


; . 
a nh 
arnet members of the ugrandite series and, as can be seen in 


the analyses of Table 58. andradite i is the predominant substitutional molecule, 
while the amounts of the almandine, pyrope and spessartine molecules generally 
are low. The garnets of anals. 1 and 2 (Table 58) with 98-0 and 97:3 per cent of 


the grossular molecule are among the purest known grossulars, though in addi- 


19 1 t n £ 
tion to a small amount of iron that of anal. 2 also contains a minor amount of 


chromium. In the slightly more iron-rich grossulars a small amount of Ti is often 
present, and probably substitutes for Fe** in the andradite molecule. Despite the 
existence of the grossular-hydrogrossular series (p. 649) there is no evidence that 
the grossular typical of thermal metamorphism contains appreciable amounts of 


: oc 1 41Q2Q\ 
water, though many analyses do not report that it was sought. McConnell (1939) 


plotted the chemical analyses of many vesuvianites and garnets rich in the 

grossular molecule and showed that the main difference in their compositions is 

the relatively greater abundance of (Ca,Mg,Mn,Fe,K>,Na;)O in vesuvianite. 
Many garnets coloured green by chromium have been termed uvarovites when 


1 na tha nhe 
in reality their chromium content in relatively small and they are chromian 


grossulars, e.g. anal. 19. Other grossulars containing appreciable chromium have 
been examined by Dunn (1978), and further examples are represented in Table 58 
by anals. 10 and 15; the chrome-rich garnet of anal. 24 is a chromian grossular- 
pyrope. Manganoan grossulars or grossulars containing appreciable amounts of 


1 197 #91- nth 
the spessartine molecule are not unusual, e.g. Table 58. anals, 17, 21; other ex- 


amples of grossular-spessartine are given by Némec (1967), Hashimoto (1968) 
and Sathe (1968), indicating that under favourable conditions virtually complete 
miscibility may exist between grossular and spessartine (see also Grudev, 1977). A 


series of garnets from scheelite-bearing skarns have been shown by microprobe 


analyses (Shimazaki, 1977) to have the grossular molecule dominant but to con- 


tain substantial amounts ‘of not only the spessartine but also the almandine 
moiecuie. Extensive solid solution between grossular and almandine has also been 
found for garnets from low-grade metamorphic rocks (Ackermand er al., 
1972), and garnets ranging from GrogsAlm3gSpi2Pyr; to Gro39Alms4Sp3- 


Pvr.And. have heen deccrihed hy Onuki of al (1079) Carnete fram arncrnudita 
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are dominantly grossular with appreciable pyrope (e.g. Table 58, anal. 8), see also 
Soboiev ef al. (1968) and Chinner and Cornell (1974), and this type of high- 
pressure paragenesis often produces calcic pyralspites with grossular as the domi- 
nant molecule (anals. 22, 24). 
Rarer elements substituting in the grossular molecule include tin; 

andradite from a calc-silicate vein with no visible cassiterite in the Land’s End 
metamorphic aureoie contains up to 0-2 per cent Sn (Alderton and Jackson, 
1978). Green vanadian grossular has been reported from various localities in 
Kenya (Switzer, 1974; Jobbins et al., 1975; Giibelin and Weibel, 1975); in these 


3+ 
the V°" ion is assumed to be substituting for Al to give t the e goldmanite molecule, 


Ca3V2Si3012, and their analyses are given in Table 61, p. 630; see also Badalov 
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Table 58. Grossular Analyses 

1 2 3 4 5 
SiO, 38-7 39°30 40°14 39:08 40°06 
Tio, 0-4 0°00 — 0:03 — 
ALO, 21-7 21°93 22°64 22°19 19°89 
Fe,0; — 0°80 0°12 0:30 2:23 
FeO 1:4" 0:28 1:17 0°24 _ 
MnO 0-7 — 1:77 0°06 0-18 
MgO — tr. 0:05 1°58 ae 
Cad 36°5 37°10 34°40 36°16 36°37 
H,0 0°10 . 0°10 0:47 _— 
4,07 _ 0°30 0-20 0-19 _ 
Total 99°5 99-84 100°59 100°35 99°84 
a — 1-737 1-738 1-735 — 
D — 3°506 _— 3°55 906 
a(A) 11-85 — 11:8477 11-854 11-855 

Numbers of tons on the basis of 24 O 
Si 5-878 | 5-940 | 5-998 5°816 6°050 
Al 0:122/ 6 9.969 | 6°00 5 oon [6-00 556 | 6-00 _ i; 
Al 3-763) 3847) 3-985] 3-708 | 3°541 | 
Fe>* — 3:81 0-091 + 3:95" 0-013 +400 0:034 | 3:75 0°:253 |+3-79 
Ti 0-046 | — | — |} 0-003 | — | 
Mg — | — | 0-011 | 0-350 | 0-250] 
Fe?* 0 178 0-035 0-146 0-030 L — 
Mn g-o99 FO 21 F604 994 5°89 Q.008 F O'S 9-023 [O16 
Ca 5-941 | 6-008 | 5-508 | 5766 | 5°885 | 

Mol, per cent end-members 
Almandine ~— — 2'5 — — 
Andradite — 2°3 0:2 0-9 67 
Grossular 98-0 97°3 92°7 90°8 88:5 
Hydrogrossular 0-5 _— 0°5 2°2 _— 
Pyrope — _ 0:2 6:0 4-4 
Schorlomite — — — — 
Spessartine 1°5 _ 3°8 01 0-4 
Uvarovite — 04 _ — — 


“Includes Cr>* 0-016. 
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Formosa (Wang and Lo, 1966). 
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Light brown grossular, Jeffrey mine, Asbestos, Quebec (Manning and Tricker,1977). 
Colourless grossular veins in serpentinite, Georgetown, California (Pabst, 1936) (Includes Cr.03 0°13). 
Brownish yellow grossular, garnet- pyroxene vein cutting serpentinite, Fengtien asbestos mine, Hualien, 


Grossular, main component of massive, cream-coloured rock in contact with serpentinite, Jordanow, near 


Sobotka, Lower Silesia, Poland (Heflik and Zabifiski, 1965). Anal. M. Hubicka-Ptasifska (includes P20; 


0-05) 
VVO fe 


Maryland (Larrabee, 1969). 


Rose-coloured grossular crystal, Xalostoc, Mexico (Prandl, 1966). Anal. Fresenius Chem. Lab. 
Cinnamon-coloured grossular crystal, rodingite, altered gabbro, Hunting Hill quarry, Montgomery County, 


Garnet Group: Grossular 
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7 8 9 10 11 12 
38-96 39-95 38°69 39°17 39°88 37°66 siO, 
0-71 0°17 0°55 O11 0°43 0°77 TiO, 
19°93 21-96 18°17 16:05 17°38 15°50 ALO, 
3°43 1°64 5-70 2°51* 5-21 9°47 Fe,0; 
3-25 2°84 3°78 —~ 4:10 2:00 FeO 
0-03 0-15 0°64 1:10 tr. 0°53 Mac 
1°31 3°14 0°76 _— 1:08 _ MgO 
32°52 30°13 31°76 35°24 31°26 34°51 Cad 
— _ 0°13 — _— _ H,0* 
— 0:06 — — — H,0° 
100-14 100-02 100°24 100°53 10024 100°44 Total 
1°747 1°740 1:7692 — 1°750 1-7884 n 
3-599 _ 3-688 _ 3-56 3-635 D 
— 11:790 11°844 _ 11-80 — a(A) 
5-918 5-965 5-935 6:017 6:099 5-870 Si 
boa +600 5965 | 6-00 5238 | 6-00 _ I _ i sere} 6°00 Al 
3-486 | 3°830 ] 3-220] 2:906 3-133 2:718 | Al 
0:392 + 3-96 0-184 +4:04° 0-658 + 3-94 0-290 +3-98° 0-600 - 3-897 1-111 |+3-92 Fe** 
0-081 | 0-019 | 0-063 | 0:013 | 0:049 0° | Ti 
0-297 | 0-699 | 0-174] — 0-246 | — | Mg 
0-413 | 0-355 L 0-485 | — 0°524 0:261 Fe?* 
0-004 £5! 9.919 15°89 9.983 5°99 9-343 £594 5-89 9.979 [6°09 Mn 
5-293 | 4-821 | 5-250 5-801 | 5-122 | 5-764 | Ca 
5°8 6:0 7:4 _— 6°8 1-8 Almandine 
9:5 4-7 16:7 73 15°6 26°9 Andradite 
79-2 77-0 70:9 70-8 70°5 69-0 Grossular 
— — 06 — — — Hydrogrossular 
50 11:9 2°9 — 4:3 — Pyrope 
0:4 — —_— —_— — 1-1 Schorlomite 
0:1 0: 1-4 2°4 — 1:2 Spessartine 
— 0-1 — 19°5 2°8 — Uvarovite 








> includes Cr°* 0-005. 
© Includes Cr?* 0-771. 
* Includes Cr°* 0-109. 


7 Reddish yellow grossular, crystalline limestone, Liconi, Val d’Aosta, Italy (Sanero, 1935). 

8 Grossular, grossular- pyroxene-kyanite (grospydite) xenolith in kimberlite, Zagadochnaya pipe, Yakutia, 
USSR (Sobolev ef al., 1966) (includes Cr203 0°04). 

9 Brownish red garnet, anorthite-clinozoisite- corundum - garnet gneiss, Sittampundi complex, Salem district, 
Madras, India (Subramaniam, 1956). Anal. E. K. Oslund. 

10 Green chromian grossular, Jeffrey mine, Asbestos, Quebec, Canada (Dunn, 1978) (Includes Cr203 6°35). 

11 Green grossular, diopside- garnet granulite, Randihalli, Tumkur district, Mysore, India (Somasekar and 
Naganna, 1966) (includes Cr203 0°90). 

12 Hyacinth-red garnet, Monte Rosso di Verra, Italy (Carpanese, 1932). 


606 Orthosilicates 


Table 58. Grossular Analyses - continued 












































13 14 15 16 17 18 
SiO, 37°87 38°07 37°54 38°51 36°22 36°92 
TiO, 0°70 0°40 6-50 0°22 0°28 0-12 
Al,0, 18-30 20°53 13-30 16°78 21:96 12°47 
Ba Mr €.9n 1k A-Al 7.A2 NLA 1A.1A 
eUQV3 JS aT & iV 7 Ft) f 4 Vv Us 14 14% 
FeO 5*71 10°60 0:90 6:08 4°58 1°84 
MnO 0°36 0°45 0-84 2°20 15°63 0°95 
MgO 0°62 0°80 0-11 0:00 tr. —_ 
CaO 29-63 26°02 34°29 28°47 20°43 33°63 
H,0° 0:09 0°42 — — — _ 
H,0 — 0°12 — 0-04 = 0°57 
Total 100-48 99°61 99°59 99-73 99°74 100-64 
n 1°763 1°800 — 1772 1-773 1-801 
D 3°748 _— 3°77 3°83 3:71 
af AY _ 11-798 11-972 11-.996¢ 11.949 11-Q4 
ByAy a1 fOU 4i O7FO 11 O04) 41° 7/U4 il v4 

Numbers of ions on the basis of 24 O 
si 5859 | 649 S865 Lggg 5926] 6.99 6035] 5728] 6 4) 5°83] «og 
Al Oidis 0°135] 0°074 | — J 0-272 | O17] 
Al 3°197 3-593 | 2°401 3-099 ] 3-821] 2-225] 
Fe** 0°605 +388 0°250 3-89" 0:°524 +3-94 0:876+4:00 0:076 13-93 1°696 +3-94 
Ti 0-081 0-046 | 0-059 0-026 | 0-033 | 0-014 | 
Mg 0143 | 0-184 | 0:026 } — | — | — ] 
2+ . . . . . . 
Fe 0988 Loy 1366 ay OL ggg 9797 ogy BE Lng O25 | gr 
vill vue WuUo?7 Villa VU LIL < UI4 Vvilzo 
Ca 4-912 | 4-295 | 5-800 | 4-780 | 3-462 | 5 742 | 
Mol. per cent end-members 

Almandine 13°7 2371 — 13-6 3-6 0°5 
Andradite 14-9 6°4 13-2 22°4 1-4 42:9 
Grossular 67°3 64:2 66°2 591 58:1 54-2 
Hydrogrossular 0-4 21 — — — 
Pyrope 274 31 0-4 — _— _- 
Schorlomite 0°5 _— 01 _— 06 0-2 
Spessartine 0-8 1-0 19 50 36-3 2°2 
Uvarovite —_— 01 24°2 — —_ — 


* Includes Cr>* 0-005. 


Includes Cr?* 0-056 
Includes Cro 0-956, 


£S 


13 Pale brown garnet, nephelinized diopside- garnet-epidote skarn, Monmouth Township, Haliburton-Bancroft 
district, Ontario (Gittins, 1961). 

14 Garnet, granulite facies calc-silicate rock, Artonville, Limpopo fold belt, Messina, northern 
Africa (Bahnemann, 1975) (includes Cr2O3 0°04). 

1§ Light green chromian grossular, grossular-calcite rock, Orford, Quebec (Howie, unpublished). Anal. R. C. 
Tyler (includes Cr203 7°66, Na2O 0:04). 

16 Red-brown grossular, grossular- andradite-scapolite-epidote skarn, Milendella, South Australia (White, 
1959). 

17 Dark peach-tan grossular-spessartine, mineralized vein in sheared granodiorite, Victory mine, Gabbs, Nevada 
(Lee, 1962). 

18 Grossular, South Africa (Clark, 1957). Anal. J. Ito. 
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19 20 21 22 23 24 
38-68 37°39 37°83 40°27 37°47 38-68 SiO, 
— O71 0:05 0°51 0-39 1-04 TiO, 
12-00 10-79 21°50 22:32 17°41 12:74 Al,0O; 
2°47 15°38* _ 0-98 TAS 3-02 FeO 
— — 19°75* 11-08 14-62 1:51 FeO 
— 0-62 4°53 0-14 0:88 0:22 MnO 
0:20 0°51 0°50 7-40 2-75 6°36 MgO 
34-04 34-03 16:16 17°24 19°76 25:94 C20 
_ _ _ _ — H,0° 
0 0} 7 _ _ _ _ oO 
99-84 99°51 100-32 100-00 100-43 99-55 Total 
1-796 — — 1-751 1-792 — ni 
3-676 — _ ~ 3°886 — D 
11-881 — — 11°680 11-753 — aA) 
6072 5973 | 6 59521 69n 5994], 4, 5880]... 5:960] 1, Si 
— | 0-027; ° ~~ 0-048) °°" 0:006/°°™ 0:120}°°~ 0-040) °°" Al 
2:220 | 2-005 3-939 | 3-910 | 3-100 | 2-274 | Al 
0°292 + 4:03" 1°849 + 3-94 — + 3:95 0°110 +4-08* 0-844 +3-99 0-350 + 3-974 Fe** 
— | 0-085 0-006 I 0-057 f 0-046 [ 0-121 Ti 
0-047 ety 0-117 | 379 | 0643 | 193 | Mg 
— — . . . 2+ 
5-77, £603 722? b6-04 1379 L579 1919 16-09 9195 15.97 Fe 
_ U"US4 U°0U4S UVVUIBS Oil Uuzy Mn 
5°725 | 5-825 | 2°724 2:750 | 3-323 | 4-282 | Ca 
— — 42-1 23°8 31°71 1:0 Almandine 
76 47-7 — 2°8 20-6 9-0 Andradite 
52:1 48-8 45:8 44:5 34:7 33-0 Grossular 
_— — — — —_ — Hydrogrossular 
0°8 2:1 2-0 28-4 10:8 25-0 Pyrope 
_ —_— ~ 8 — Schorlomite 
— 1-4 10°1 0-3 2°0 0°S Spessartine 
39°5 _— — 0-2 — 31°5 Uvarovite 








®Includes Cr3* 1-520. 
Includes Cr3* 0-007. 


J Includes Cr** 1-223. 


19 Chromian grossular (‘uvarovite’), pyrrhotite quartzite, Luikonlahti, Finland (Knorring, 1951). Anal. O. von 
Knorring (includes Cr;Q, 12:25). 

20 Grandite, garnet-chlorite-epidote- actinolite- albite- quartz-pumpellyite metabasic rock, Upper Eglinton, 
southern New Zealand (Coombs ef a/., 1977) (includes Na2O 0°08). 

21 Garnet, epidote- muscovite-biotite-garnet gneiss, Obersulzbachtal, western Hohe Tauern, Austria (Ackermand 
et al., 1972). Microprobe anal. 

22 Calcic pyralspite, kyanite eclogite, Roberts Victor mine, South Africa (O’Hara and Mercy, 1966a) (includes 
Cr203 0:06, NiO 0:005). 
Garnet, coarse-grained garnet rock in gneiss, Eric Harbour, Baffin Island (unpublishe 


92 

aT 

24 Chromian grossular-pyrope, kimberlite pipe, Newlands, 60 km NW of Kimberley, Cape 
Africa (Clarke and Carwell, 1977) (includes Cr2O3 10°04). 


\} Anal W A Neee 
J. Fafa, wy. “a. Leer. 


rovince, South 


~~ 
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(1951). Trace amounts of zinc have also been reported from grossulars and Lisit- 


syn and Khitrov (1962) have discussed the occurrence of boron in grossular- 
andradites. 


Experimental Work 


ne 


Anhydrous grossular was first synthesized by Yoder (1954) from giass of the re- 
quisite composition at 800°C and at water-vapour pressures as low as 2000 bar. 


Previous attempts at lower pressures had yielded hydrogrossular, mixtures of 
B- Ca 38104 and wollastonite, o or at temperatures a around 900 to 1000 °C, gehlenite 


“Laz! abWasat 


(CazAl,SiO; ), wollastonite and anorthite (Yoder, 1950). Coes (1955) found that 
using a reaction mixture of kaolin, SiO,, CaO and CaCi, the best conditions for 
the formation of grossular were 900°C and 20000 atm. Christophe-Michel-Lévy 


(1956) reported the production of grossular at 500°C and a water-vapour 
nreccnre of SAD har from mixtures of SiN,. AILO.. and CafOH), or CaCgd.: from 


hAwvvusiw Wh WWW WEAR LBA WARE SBEAASLEUUA WD OWE MENS ZY a BAEN/ 535 aMeayw MAUNA BIL wk ww WY 59 Ae wee 
a mixture in the ratio 3SiO,: Al,03;:3CaCO; wollastonite and grossular were 
formed at 500°C, while at 400°C garnets were rare, but caicite and xonotiite, 
Ca¢SisO;7(OH)2, occurred. The grossular- 3CaO.AI,0;.6H20 join has been in- 


vestigated experimentally by Roy and Roy (1957) who prepared anydrous 
orocenlar (n 1°736. a 11°86 A) at §00°C and who considered that it is probably 


Bi vvousa FIV, |! 2A VV SAF AL YY CARES VV AEN WERDER URE FEEL BE AU PEW UES 


stable with water to at least 400°C; they found that grossular decomposed to 


wollastonite + anorthite + gehienite at about i kbar, above 850°C. See aiso Roy 
and Roy (1960) who reported that for glasses and gels on this join near grossular 
in composition, the Ca-Al phases always initially crystallize metastably, leaving 


some silica which then reacts very slowly to give the equilibrium phase 


NERA GEAR VV AASWEE CSEWEE EUW TE Y VEN VV Ay bw Vw Vee Why lesesirs sheees PEE 


Further work on the synthesis and stability of grossular was reported by 


Pistorius and Kennedy (1960), Newton (1965, 1966), Mill’ and Kalinin (1966) and 
Hays (1967) and this experimental work in the CQO,-free system 


CaO - Al,0;-SiO2.-H20 was reviewed and summarized by Boettcher (1970); see 
also Shoji (1974). The system CaQ-Al,0O,-Si0,-H,O-CO, was discussed by 


WLW UU wee 


Storre (1970); the application of earlier work on the CaOQ- SiO2— 
H.0-CO, system by Greenwood (1967) and by Wyllie and Haas (1965, 1966) 
enabled Gordon and Greenwood (1971) to establish the stability of grossular in 
H,O-CO, mixtures. The latter authors determined experimentally the equilibria 


for the reactions: 
ab Awwtsaw We 


awa t aa 


calcite + anorthite + wollastonite = grossular + CO. (1) 
and 
calcite + anorthite + quartz = grossular + CO, (2) 


The resulting T- Xco, diagram for a total pressure of 2 kbar is given in Fig. 286, 
and demonstrates that these reactions place strict limits on the conditions of for- 
mation of grossular growing in equilibrium with a fluid phase. Further ex- 
perimental work on this CaO-Al,0;-SiO0.-H,0-CO, system by Hoschek 


(107A\ Aatarminad furthar D_ T_ xX ralatinne af arnceanlar and other nhacac at 1 
(iz ray GOCCIMiNneaG ruriner 4 i , Tesations OF grossuiar and OUler Phases at 


and 4 kbar (Fig. 286). The various experimental studies on the reaction grossular 


+ quartz = anorthite + wollastonite are summarized in Fig. 287; see also 
Shmulovich (1977) who studied reaction (1) above, at 1, 2, 4 and 6 kbar. At 30 


kbar, calcite melts congruently at 1615 °C and grossular melts incongruently to li- 
quid + gehlenite at 1535 °C; the assemblage grossular + calcite melts at 1450°C 


' Swvitiwisiee BIOwsss,vin 


(Maalge, 1975). Synthetic erossulars prepared both hydrothermally at 1000 °C 
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@ anorthite + corundum + 3 calcite = 2 gehlenite + 3 CO, 


@ rossular + 2 corundum + 3 calcite = 3 gehlenite + 3 CO, 
® grossular + corundum = gehlenite + anorthite 

©) anorthite + 2 calcite = gehlenite + wollastonite + 2 CO, 
@ anorthite + wollastonite + calcite = grossutar + CO, 

® grossular + calcite = gehlenite + 2 wollastonite + CO, 


1-9:P; = 1000 bar; 3° 4° 7°: P, = 4000 bar; 7°: Py = 2000 bar 


0-6 
Mole fraction Xco, 
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+ 3 calcite = 2 grossular + corundum + 3 CO; 


= gehienite + anorthite + 3 wollastonite 


ste 


0-7 0°8 0-9 0 


Fig. 286. Temperature- Xco, diagram for the system CaO - Al,O; -SiO,-H,0- CO, for 1, 2 and 4 
kbar total pressure. Numbers refer to the reaction equilibria (1)-(9). Position of (5) and (9) from 
Boettcher (1970), and 7’ from Gordon and Greenwood (1971) (after Hoschek, 1974). 
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Fig. 287. Pressure- temperature diagram comparing the results of Perkins et al. (1977) with those of 
Newton (1966), Hays (1967) and Boettcher (1970) for the reaction: grossular + quartz = anorthite + 
wollastonite (after Windom and Boettcher, 1977). 
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and 28 kbar and in the dry way at 1250°C and 35 kbar have the same enthalpy of 
solution of 42°4 + 0°4 kcal/gfw; the enthalpy of formation of grossular was 
calculated to be “47. 91 + 0°67 kcal/gfw (Charlu et al/., 1978). The unit-cell 


parameters of the two samples grown in different ways are identical at 11-489 A, 
confirming that although 4 wt. per cent H.O promoted complete crystallization 


teas Garaswus west £2257 RE Ee RPE FOL ie 


of grossular, this led toa negligible HO content in the garnet. 

Data on the partitioning of Sm** between garnet and melt in the system 
grossular- HO as a function of temperature, phase composition and bulk trace- 
element concentration at 30 kbar were presented by Harrison and Wood (1980); 
for a given temperature, the partition coefficient for grossular/melt is five times 
greater than for pyrope/melt. Liu (1979) found that at around 1000 °C, for 
pressures below about 250 kbar, the assemblage grossular + corundum is stabie 
for compositions containing more than 25 mol. per cent Al,O;; at higher 
pressures, phase assemblages for the latter compositions are truncated by those in 
the join CaAl,O,-SiO,. Garnet solid solutions are stable between around 10 and 
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25 mol. per cent Al,O;. Grossular transforms to a new tetragonal form at above 
250 kbar, but the stability field for the garnet solid solutions extends up to about 
300 kbar. 


The indium analogue of grossular (Ca3In2Si;0;2) was synthesized hydrother- 
mally and in air and has @ 12°36A (Ito, 1968); a synthetic garnet of composition 
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Ca;InScSi;O,2 has a 12°30A. 
Recently, low-temperature adiabatic calorimetric heat capacity measurements 
for grossular have been combined with differential scanning calorimetry 


Measurements to give entropies up to 1000°K, allowing Perkins ef al. (1977) to 
calculate P- T curves for ten reactions in the CaO - Al,03-SiO.-H,0O system in- 
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volving grossular; the standard enthalpy of grossular was given as -1 $83°2 + 3°5 
kcal/moi and the Gibbs energy of formation from the elements -i 496°73 + 3°41 
kcal/mol. For a further review of thermodynamic properties of grossular and its 
univariant equilibrium curves see Helgeson ef a/. (1978). The high-temperature 
heat capacity of grossular was determined by Krupka et al. (1979) for 


Ww ws eRe wee 


298-1200°K as 1 633°3-0°759 9 T + 9°113 x 10° T ~? -20 783 T~* + 2: 669 x 
x 10°*7”, giving values for the enthalpy of formation and the Gibbs free energy of 
formations of -6 657 100 + 4 720 J/mol and ~6 295 300 + 4 730 J/mol, respec- 


tively. 


Grossular-andradite. Complete miscibility exists between grossular and an- 
dradite. The thermal stability of the Ca3A1,Si30,2-Ca3Fe3*Si30,. solid solution 
series was investigated by Huckenholz et al. (1974); see also p. 633 and Perchuk 
and Aranovich (1979). With oxygen fugacities higher than those defined by the 


Ni_ NiO buffer. the garnets produced synthetically lie close to the grossular —- an- 
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dradite join, but with decreasing Jo, values, Fe?* begins to be incorporated, and 
leads to a shift in composition to the ternary almandine - grossular - andradiie 
solid solution (Liou, 1973). 


lar_ pyrope The inin Ca,Al.Si, ,foroacenla r) -~ Mo.Al.Si:0,> (pyrone) 
a pyrupe. ae joi Ca;Al, 130 12 (Brossuia IViB 3741701347) 2 (PYPOPe) 


as been studied at atmospheric pressure by Chinner and Schairer (1962), and at 
29 kbar by Chinner ef a/. (1960); the stabilities of garnet along this join are 
strongly dependent on the pressures of formation. At 29 kbar and 1250°C a com- 
plete range of solid solutions can be crystallized, but at 10 kbar water pressure 


and 950°C. only garnets within the narrow range Grois,-Gro iP Ye are stable 
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(Yoder and Chinner, 1960). At atmospheric pressure neither grossular nor pyrope 
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is stable above approximately 850°C. The activity coefficients for grossular in 
pyrope-grossular were determined by Hensen ef a/. (1975), and shown to be con- 
sistent with a regular solid model for grossular-pyrope solid solutions; a solvus in 
this solid solution was predicted with a temperature of critical mixing of 629 + 


90°C The ctahility of nurane_oraccular with evcecc cilica wac determined by 
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Hensen (1976) who estimated the pressure at which this complete series is stable 
as 41 + 1 kbar at 1200°C. The reaction anorthite + enstatite, = pyrope- 
grossular,, + diopside + quartz occurs at 15°5 + 0°5 kbar at 1200°C but the 
pressure is lowered by 5 kbar for a composition with anorthite and orthopyroxene 
(Eno.sFSo.s); enstatite and plagioclase (Ans) first produce garnet at 2 kbar 
higher pressure than enstatite and pure anorthite. The grossular content of the 
garnet in various divariant assemblages is relatively insensitive to temperature but 
very sensitive to pressure, and hence a useful geobarometer; in metamorphic con- 
ditions of 700 - 900°C, pressures of 8 - 10 kbar are required for the formation of 


anartz hearing ocarnet orannlitesc with Ma/f(Mo + Fe) 20°§ and containing calcic 
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plagioclase (Hensen, 1976). At 1100°C in the grospydite compositional range, a 
rise in pressure from 20 to 35 - 40 kbar causes the garnet to change from 
almandine- to grossular-rich (Green, 1967). The enthalpies of solution of syn- 
thetic garnets on the pyrope-grossular join indicate a non-ideality which is 


largect at the nurane end (Newton etal 1077) leadina ta an asyummetric calyne 
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with a critical temperature lower than predicted by the symmetrical regular solu- 
tion model of Ganguly and Kennedy (1974). Synthetic grossular- pyrope mixed 
crystals produced in the range 15-35 kbar and 900-1300°C were studied by 
Wilken (1977) using SEM techniques; at above 27 kbar, all bulk compositions 


aave aoarnet 
&are oar aAWwEL. 


_The pseudobinary join Srossular~ pyrope was further investigated experimen- 
ed that grossular melts incongruently to gehlenite + liquid at 1545°C, whereas 
pyrope melts incongruently to spinel + liquid at 1705 °C. The join has two binary 


entectics (Fio 288) where diopside is in equilibrium with either erossular Or 
WBUELWV EEO qa 16> vPpY wyuU waa wails &' 


pyrope. All eutectic compositions are on the join which is a thermal barrier at 30 


kbar within the system CaSiO;- MgSiO;- Al,03. 


Grossular-almandine. The grossular-almandine series has been studied by 


Uariva and Nakann (1099) who demonctrated that camnilete colid calutian accure 
gaaqcni aya esse LNG ANasY qa i aj VV EREW VAN PES ELZOUL CALS LLEGL wld piwte OWE SOWIULIVEE VRE 


at high pressure, giving linear relations between both a and n values and molar 
composition. The reiationships between activities of components and minerai 
compositions in grossular-almandine-pyrope solid solutions were determined 
by Wood (1977) to provide thermodynamic estimates of pressure accurate to 


within 1-2 2 kbar; uncertainties in T, being dependent on the slones of curves of 
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equilibrium constants in P - T space, are related to these uncertainties in 
pressure. Thus the activity coefficient of the Ca3;Al,Si;0,;. component of 
(Ca,Mg)3A12Si;0,2. garnet solid solutions in the range Cao.;M&o.9-Cao.22 
M2o.78 is given (J/mol) by 


RT In Yeas 2330120 = : ° 


_~Vv 
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composi 


+L 
tne COINpOsti- 


eben ot all. = in 


(Ca, Fe)3Al2Si3012 s olid so olut tions ar re, in contrast, virtually id deal im 
tion range (X,., 4),5\,0,, < 0°3) most commonly found in nature. 


Grossular-spessartine. For the Ca3;Al.Si;0,2.-Mn3A1,Si30;,2 join, Ito and 
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Fig. 288. The pseudobinary join grossular-pyrope at 30 kbar. The system is binary below solidus 
temperatures and quaternary above, because of reaction relationships of garnet with gehlenite and 
spinel (after Maalde and Wyllie, 1979). 


Frondel (1968a) demonstrated complete solid solution, the properties showing 
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linear reiatiOnsnips with a MELIVLaDIILE ana ni {fereasing Witt LLINIUGAOLIILE, SUOSTILU- 
tion of Mn for Ca. The possible entry of Mn** into the grossular molecule giving 
a theoretical end-member Ca;Mn}*Si;0,. was investigated experimentally by 
Strens (1965b) who concluded that such substitutions could occur only when the 
Al-O octahedra are tetragonally distorted. The Ca;Mn3*Si3;0)2 phase could not 


ha the al. £00 OM and 2? ALha vtprac af wallactnanita wart? and 
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Mn,0O; were obtained. The small amounts of Mn,QO; reported in some analyses of 
natural garnets may be substituting as 2Mn** for Ca + Si or Mn** for Si. In study- 
ing the synthesis and stability of piemontite, Keskinen and Liou (1979) found that 
the high-temperature equivalent assemblage is an intermediate grossular- 


eneceartina enhid calutian with camnnctinan Ca. .MnAl.Gi.n (nm 11-QNA h ” 
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1763 6) + fluid for f,, as defined by hematite- magnetite and quartz - fayalite- 
magnetite buffers. 

A garnet with composition (Ca. o7Mné- 90) (Al,.23Mné!78) (SiO4)3 was syn- 
thesized in the presence of water vapour at 25 kbar and 830 °C by Frentrup and 
Langer (1981); they noted that the crystal field stabilization energy 0 of the garnet 
was 92 KJ/g-atom Mn**, appreciably smaller than for Mn** in piemontite and 
viridine, explaining the strong partitioning of Mn°>* into these phases relative to 


garnet. 
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Grossular-uvarovite. The grossular-uvarovite join gives a complete solid solu- 
tion below 855 + 5°C at 1 atm total pressure (Huckenhoilz and Knittel, 1975); at 
855 + 5°C, pure grossular decomposes to wollastonite + gehlenite + anorthite, 


but Ats thermal stability is increased by up to 530°C by incorporation of 


Ca, Qi, {cae Bia 907 n 6AI) The euihctitutian af Al hy Cr increacec n and 
Ca;Cr 2813012 Qoee Dig. 27/7, p. UFO). rie SUOSLICULIOL OL fil UY VY iicreases @ ania 


n virtually linearly near the grossular composition. The mixing properties of the 
three Ca-garnet components (grossular, uvarovite, and andradite) were derived 
thermodynamically by Ganguly (1976) who expressed the intrinsic stability in the 
ternary system as displayed in Fig. 289. This relationship is compatible with the 


show virtually conti nuous § solid solution 


analvt ical data far natural garnets whir 
Vari SUIUUUL 
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between grossular and both andradite and uvarovite, but only limited replace- 
ment of Fe** by Cr**, i.e. a compositional gap between andradite and uvarovite. 


Colour. The colour of grossular is determined largely by the amount of iron 


and manoanece nrecent: the arncenlar af Tahle $2 anal 9 with lecec than 1-1 ner 
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cent total iron content is colourless. A colourless, transparent grossular from 
Tanzania has n 1°732 - 1°:736, a 11°851 A (Bank, 1971). The more typical colours 
of grossular are golden yellow or brownish red, the cinnamon-coloured variety 
sometimes being called cinnamon stone: hessonite is another name used for the 


vellawich and hrownich red varieties and referee (Greek heecnn inferinr\ ta the 
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lesser hardness of grossular compared with hyacinth (zircon) which it resembles. 
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Fig. 289. (a) Calculated heat of mixing (AH ™") and crystal-field stabilization energy of mixing (A 
CFSE™*) in the different binary joins of calcium silicate garnets as functions of composition. (b) In- 
trinsic stability of the solid solution in the ternary system grossular-uvarovite - andradite. Solid lines 
are calculated spinodals; broken curve is the approximate position of the solvus at 800°C. X marks 
the summit point or ternary critical temperature at > 1000 + 100°C (after Ganguly, 1976). 
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The presence of appreciable chromium may impart a vivid green colour to the 
mineral: the pale green and greenish brown colours sometimes found are due, 
however, to the presence of iron. The vanadian grossulars are green (Gubelin and 
Weibel, 1975; Mitchell, 1977), sometimes showing a colour change from greenish 


blue in daylight to magenta by tungsten illumination (Jobbins et a/., 1975). The 


infrared spectra of grossular have been obtained and interpreted by Kolesova 


(1959), Manning (1969), Brunei and Vierne (1970) and Slack and Chrenko (1971); 
the optical absorption spectra of grossulars have been interpreted by Manning 


and Tricker (1977). 

The physical properties of grossular are discussed in the general garnet section 
Da PALA AKAN OIE 
rat aye Wolrwo 
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Grossular is especially characteristic of both thermally and regionally metamor- 
phosed impure calcareous rocks, and also occurs in 1 rocks which have undergone 
calcium metasomatism. In thermal or contact metamorphism it occurs for exam- 
ple in metamorphosed marls or calcareous shales, and is found in abundance in 
some skarn deposits, e.g. Watters (1958), though here the more typical garnet is 
afidradite. Watters has suggested that some such grossular may have formed by 
the replacement of earlier formed wollastonite, or by a complex reaction between 
calcite, silica and alumina. Typical occurrences of grossular in calc-silicate horn- 
felses have been described by Osborne (1932) and Whitten (1951). Analyses of 


eight grossulars from metasomatized limestone septa (now magnesian tactites), 
associated with fassaite, vesuvianite, spinel and clintonite, within mafic plutonic 
rocks of the Boulder batholith, Montana, are given by Shedlock and Essene 
(1979). At San Miguel quarry, Barker, Argentina, a Precambrian marble has 
been intruded by two different granitic magmas, the first intrusion being exten- 
sively modified by assimilation of marble; "grossular occurs both in endoskarn 
veins with clinozoisite, diopside, vesuvianite and apatite and in exoskarn 
represented by wollastonite layers with sporadic vesuvianite , grossular and 
clinozoisite (Villar-Fabre and Quartino, 1966). Grossular-bearing assemblages 
are indicative of low concentrations of CO, during metamorphism (Shmulovich, 
1977); see also Fig. 286, p. 609. 

Further examples of gi randites from skarns are given in Table 58, anals. 13 and 
16; mineralized skarn-type assemblages are also represented by anals. 15 and 19, 
where metasomatically introduced material has included chromium. In the 
Mashaba mine, Zimbabwe, metasomatism of a chromite-bearing dunite xenolith 
by granitic material has led to the development of fringing crystals of chromian 
grossular around the chromite (Bevan and Mallinson, 1980); the grossular has 
5°24 per cent Cr.O3 (Grd¢6,;.sSpie.9UVi¢.3Almy.;Py;.3). Metasomatic replace- 
ments of calcareous beds between rhyolitic breccia have produced a gros- 
sular (Grog3And23Spo9Pyrs)- wollastonite- bustamite - sphalerite- chalcopyrite 
assemblage at the Ohori mine, Japan (Takeuchi et a/., 1960) and grossular- 
andradite (Grogo9And3;5;Aim;Pyr,;Sp,) has been described from  pyrox- 
ene-~garnet- magnetite exoskarn in iron and copper deposits of northeastern 
Japan (Tsusue, 1961). Scheelite-bearing skarns containing grossular have been 
described from the contact between an aplite-pegmatite vein in Finistere, 


northwestern France (Chauris and Corre, 1978) and from three Japanese mines 


seen oa Le 1A777 +L... anu aarnate fram tha latter alener ni 
(Shimazaki, 17//), though many of the BRAlNCls LIOML UIC lLaller qisO CO ont ain ap- 
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preciable amounts of the spessartine and almandine molecules. Further examples 
of grossular-spessartine (Table 58, anal. 17) have been described from a 
mineralized vein in sheared granodiorite (Lee, 1962), from low-grade pelitic 
schists (Hashimoto, 1968), and in calc-silicate bands cut by granitic veins and 


pegmatites at the Goldongri manganese mine, India (Sathe, 1968). Zoned 


atiggtitisoa EN EEE AS SERRE aeiiid eaheiig fae 270 7a ele 


grossular- andradite in skarns in magnetite orebodies at Ginevro, Elba, commonly 

have a core Of grossular surrounded by a corona of andradite (Dimanche, 1969; 
Dimanche and Ruiz, 1969); the reverse zonal arrrangement, with an andradite 
core surrounded by a grossular-andradite rim and outer zone of almost pure 


grossular, has been noted in garnets in the aureole of the Grassy granodiorite, 


a ssw at 


King Island, Tasmania (Hing and Kwak, 1979). The garnets in garnetite from the 
Dielette skarns are grossular- andradites, the andradite content increasing from 10 
to 25 per cent towards the contact (Dimanche and Tarte, 1965). 

The occurrence of colourless, pale yellow, wine-yellow or deep brown 
erossular in zeolite-filled vesicles in metamornhosed basaltic lava in Mull has 


SAMS MEGS BEE LU NREUN TR BEE FOE EN SG BRR BERS RANE PORE OUR VAG SAY sae Aaa 2205 


been recorded by M’Lintock (1915); the sequence of changes resulting from the 
intrusion of granophyre into amygdaloidai lava is scolecite ~ prehnite ~ epidote 
— garnet. There is also some evidence both from Mull and from the Watchung 


basalt, New Jersey (Fenner, 1910), that grossular garnet may occur as an original 
vesicle mineral, later becoming corroded and renlaced by the sequence epidote > 
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prehnite > scolecite. Hutchison (1933) has described diopside - erossular and 
scapolite - grossular assemblages resulting from pneumatolysis associated with 
granite pegmatites introduced when the hornfels minerals of surrounding impure 
limestones were still in process of growth. In the Hatrurim formation of Israel, 
grossular-andradite (near Gro;gAnd,,2) occurs as anhedral grains, often sur- 


rounded by a thin shell of hydrogarnet, in a series of marine sediments metamor- 
phosed to the pyroxene hornfels facies, perhaps by the ignition of bitumen 
(Gross, 1977). Microscopic metasomatic grandites from chalk above basalt from 
the southwest branch of the Indian Ocean Ridge have been reported by Kempe 
and Easton (1974), who considered that hydrothermal fluids from the magma 
source beneath the basalt transported SiO2, Al,0; and some FeO; into the 
calcareous nannopiankton ooze above it. The composition of one such garnet 
was near Gros,And4oPyreAlm,.sSpo.s, with a 11°926 5A, i.e. a nearly anhydrous 
grandite (Easton ef a/., 1977). 


The occurrence of grossular as the result of regional metamorphism of impure 
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recorded in the almandine zone of metamorphism affecting the Loch Tay 
limestone (Tilley, 1927) and in the sillimanite zone in the Deeside Limestone of 
the Scottish Highlands (Hutchison, 1933). Nepheline gneisses near Bancroft, On- 
tario, contain grossular (Sylvester and Anderson, 1976) and grossular has been 
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described from a highly metamorphosed layered ‘complex of ‘anorthositic rocks 


(Table 58, anal. 9), one possible reaction suggested by Subramaniam (1956) be- 
ing: 
7CaAl,Si2,08 + H,0 > 2Ca2Al3(Si04)3 OH + Ca;3Al,Si3;0;2 + 
anorthite clinozoisite grossular 
3A1;03 + 5Si10, 
corundum quartz 


The occurrence of grossular with vesuvianite (previously misidentified as 
hydrogrossular) has been reported from sea metamorphosed rocks in 
Lower Silesia (Zabinski, 1963). In other regionally metamorphosed impure calc- 
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silicate assemblages appreciable amounts of iron enter, giving grossular- 
andradite or grossular-andradite-almandine as in the diopside- garnet granulites 
(Table 58, anals. 11, 14), or grossular-almandine in the epidote amphibolite facies 
rocks of the Sanbagawa metamorphic belt, Japan (Onuki et a/., 1977). In some 
very low-grade regionally metamorphosed basic rocks grandite is an important 
constituent (e.g. anal. 20) and it occurs also in gneissose rocks of higher grade 
(anals. 21, 23). The green vanadian grossulars of Kenya are reported to occur in 
graphitic gneiss (Bridges, 1974; Gubelin and Weibel, 1975); they form por- 
phyroblasts always surrounded by a kelyphitic alteration shell of epidote and 
scapolite. In some very high grade assemblages such as kyanite eclogite and 
kimberlite, although only amounting to 33 - 45 per cent (anals. 22, 24), grossular 
is the dominant garnet molecule. Lamellae of a calcium-rich pyralspite (with 
Gro> Alm> Pyr) occur in an omphacite host in an aluminous clinopyroxenite of 
the Glenelg Lewisian inlier, Scotland; they have been attributed to cooling to = 


LON OC at aclagitactahiliging nraceirac and danand an thea Ca + Na cantant of the 
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pyroxene (Sanders, 1978). At pressures above 20 kbar, the congruent melting 
curves of almandine, grossular and andradite approach each other and at 2 21 
kbar these garnets melt at 60-80°C less than does pyrope; thus in ultramafic 


xenoliths in kimberlites these three molecules commonly form solid solutions 


with nurane (Uinckanhals of n/ 1076 eae alen Cherharhina (1064\ Graan (1087) 
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and Banno (1967). In the blueschist facies, the garnets are dominantly almandine 
but generally have 2 25 per cent of the grossular molecule; garnets from eclogites 
display a wide range of composition, but in the group C eclogites of Coleman et 


al. (1965) they are often dominantly almandine-grossulars (Lee ef al., 1963; 


NlaAmec 1067) 
INTC, 1707). 


Grossular also occurs in association with serpentinite (Table 58, anals. 2, 3, 4; 
see also Heritsch, 1926); In the Jeffrey mine, Asbestos, Canada, transparent well- 
formed orange- brown grossular crystals occur in chrysotile (Grice and Williams, 
1979). Although the typical garnet of rodingite is hydrogrossular this is 


al y relatively rath! tla Tahle $2 anal 
sometimes accompanied by ivViatliverly anhydrous grossuiar (e. -g. RaVIN YO, Qaiial. 


6). Such two-garnet rodingites have also been described from the Sierra Nevada, 
California, within serpentinite masses (Duffield and Beeson, 1973), and in 
rodingite in the Wairere serpentinite, New Zealand (Leach and Rodgers, 1978), in 
both of which occurrences the less hydrous components are considerably richer in 


the andradite moalernle Oracentlar_ andradite (Gro And ..Dur,.Gn,\ fram near a 
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contact with the Red Hills ultramafic complex has been described by Challis 
(1965), and with composition GrosoAnd42PyreAlm,Sp, from the pyroxene - 
garnet zone in a carbonate xenolith in gabbro of the eastern part of the Bushveld 
complex (Willemse and Bensch, 1964). An almost pure grossular rodingite has 


hean decrrihed fram Malalband Dablictan where it te canciderad tna have haan 
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produced (with associated chlorite) by hydrothermal alteration of augite and 


plagioclase in gabbro (Qaiser ef a/., 1970). In central Shikoku, Japan, the gab- 
broic rocks of the Fujiwara plutonic complex were converted in the Sanbagawa 


regional metamorphic ore) to hornblende- Zoisite—albite— garnet chlorite 


’ ferroa an gro tlar (Bat 
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assemblages (Onuki ei Gi. 1978), in which the garnet iS a rerro 
5°19, CaO 32°69%). 

A rare occurrence of grossular in a meteorite has been reported (Clarke ef a/., 
1970); it was found with anorthite, augite, gehlenite, and spinel in the ‘white ag- 
gregates’ forming 10 per cent of the Allende carbonaceous chondrite (see also 


Alla al 7Q\ 
Aven et ai. oy 1978). 
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| Andradite Ca;(Fe**,Ti)2[(Si,Al,Fe**) 3012] | 


mn land 
ve a composition fairly close to that of the theoretical end- 


member. From the 24 selected analyses of Table 59, it can ‘be seen that their next 
commonest component is grossular, and indeed these two components form the 
grandite series with complete solid solution between them. The andradite- 
spessartine from Pajsberg (Table 59, anal. 18) is unusual in being dominantly an- 


hoa t 
dradite but with almost 28 per cent of the spessartine molecule; for such garnets 


intermediate between andradite and spessartine Fermor (1909) proposed the term 
spandite. Aithough grossular is the molecule that normally forms a solid solution 
with uvarovite, some andradites carrying appreciable chromium are known, e.g. 
Table 59, anal. 11, and the andradite-grossular of anal. 20; another characteristic 


ugrandite with composition And,sGro2,Uv3. was described by Rigault (1961). 


Many andradites occurring in skarns show compositional (and colour) zoning, 
e.g. anais. 8 and 24; microprobe analyses have shown that the alternating zones 
not only vary between nearly pure andradite and Ands9Gros9 but also that the 
grossular-bearing zone may show anomalous birefringence (see p. 494). Such 


1 i 1 1 fF thea hud th 1 1 
zoning may be due to rapid changes in the chemistry of the hydrothermal solu- 


tions or in the oxidation state of the iron. Many further chemical analyses of an- 
dradites are given by Sobolev (1964a), and by Amthauer et a/. (1974) for deman- 
toids and Vlasova ef al. (1975) for zoned skarn garnets. The variation in Mg and 
Mn in some 480 garnets of the andradite-grossular series has been investigated 
by Grudev (1976, 1977); Mg decreases fairly regularly with increasin enla 


ul increasing grossuiar 
content whereas in the centre of the series "Mn falls to about one-third of the 
amount at either end. The partitioning of Al and Fe between garnets and epidotes 
in contact metasomatic deposits was studied by Kitamura (1975): the results could 
be interpreted in terms of ideal mixing in the systems andradite- grossular and 


epidote-clinozoisite. The partition coefficient K, = (Al/Fe garnet)/(Al/Fe in the 


M3 site of epidote) ranges from 1:7 to 10 and depends mainly on the temperature 
of formation (a wide range of coexisting compositions at high temperature but a 
much narrower range in low temperature parageneses). 

A study of the relationship between the oxygen isotope ratio (6'8O) and 


chemical composition of grandite garnets from massive Ca-Fe-Al!-Si skarn and 


calc-silicate hornfels and the contact of a granodiorite with calcareous sedimen- 
tary rocks in Nevada has been reported by Taylor and O’Neil (1977). Their data 
(Fig. 290) give an apparent per mil fractionation of 2°5 between end-member an- 
dradite (+ 6) and grossular (+ 8-5). Experimental results at 600°C give the per mil 


; " 
fractionation between the pure end-members as 1°6 %e . Oxygen isotope, as well 


as chemical exchange disequilibria, are preserved across zones 20-40 um wide 
within zoned skarn garnets. 

Stanniferous andradites are known from some skarn deposits; andradite con- 
taining 0°51 per cent SnO, was described by El Sharkawi and Dearman (1966) and 


Tamha 
a zoned andradite with SnO,0°9 per cent was repor ted by Mulligan and Jambor 


(1968); see also Murthy (1967). Dark green zoned crystals of stannian andradite 


N 
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Table 59. Andradite Analyses 






































1 2 3 4 5 6 

SiO, 36°6 36°1 34°91 35'6 35°63 35°38 
TiO, — _ tr. — 0°04, 0:00 
Al,O, tr. — 0°69 1:26 0°41 0°12 
Fe,0; 30°3 31-4 30°40 30-7" 30°72 31°58 
FeO _ — — — — 0°37 
mnd tr. —_ — 0°87 — 0°22. 
MgO tr. — 0°58 — — 0°21 
CaB 33° 32°5 33°26 3271 33°45 31°24 
Na,O — — — 0°01 — 0°03 
K,0 _— — — — — —_ 
H,0° — — _— — _ 
H,07 — — 0-19 — — O11 
Total 100'8 100-0 99:97 100°54 100-30 99-45 
n 1°8889 1885 — 1-821 — — 
D 3°82-3:°83  — 3°712 — —_— _ 
a(A) 12-0579 12057 — 12-052 12-061 12°062 

Numbers of ions on the basis of 24 O 
Si 6112 6:082 5-909 5965 5-996 6°026 
Al _ _ 5 oon £600 Ooss [6-00 O05 | 6°00 _ 
Al — — 0-047] 0-214) 0-077) 0-024 
Fe** 3-808 3-981 3°872 + 3-92 3-871 54:08 3:890 + 3-987 4-048 | 4:07 
Ti _ _ — | ~ | 0-006 | - 
Mg — — 0:146 | | — 0-053 | 
Fe** — = _ 0-053 
Mn _ _— — F617 9.493 F589 0-033 | 84 
Ca 6-066 5-867 6-021 | 5-763 | 6:031 5-702 | 

Mol per cent end-members 
Almandine —_ —_— — _ — — 
Andradite 100:0 100:0 98°3 97:9 97°8 97°6 
Calderite — — — _— — 0°6 
Grossular —_— — _— — 2°0 
Hydroandradite — —_ — — — — 
Hydrogrossular — —_— — — — — 
Khoharite — — — — — 03 
Pyrope — _— 17 _— — 0°6 
Schorlomite — — _— — — —_— 
Skiagite — — _— _ —_— 0-9 
Spessartine — —_ — 21 — —_ 
Uvarovite _ _— _ ~— 0"1 _— 





® Includes Cr°* 0-005 


a wr = 


A 


aa yy Bilt 


etal., 


Demantoid, Korea (Schmetzer et al., 
Andradite in inclusion (with wollastonite and rhonite), Allende meteorite (Fuchs, 1971). 
Greenish yellow andradite, marble near andesite, Reskovic stream, Serbia (Majer, 1954). 
Andradite, andradite- quartz - actinoiite - stilpnomeiane- hematite~caicite metabasic rock, Harris Saddle, 
Upper Wakatipu district, southern New Zealand (Coombs et al., 


Yellow-green andradite (demantoid), serpentinite, Campo Francia, Val Malenco, northern Italy 
mant €, Campo rrancia q tar 


Br Mee VU 


Raha sy 


1974) (includes Cr203 0°04). 


1975). 


SEE pe ataasaat 


1977). Microprobe anal. 


Vaeuswiny, 


6 Andradite (Chao and Tsao, 1975). (includes P20, 0°015, rem. 0°17.) 





























7 8 9 10 
35-40 35°6 35-00 36-0 

0-64 — 0-18 tr. 

0-82 0-9 2:91 4°6 

29°76 30-1 29-13 28-0 

0°59 0-6 0°18 — 

0-02 0°6 0°70 — 

0°82 — tr. 1-25 
32°32 32-2 32°12 30-0 

_ — — 0-01 
100°37 100-0 100°22 99°86 
1-887 — 1-871 1-856 
3°826 — 3812 3-80 

_ — 12039 12-04 
5933 |... 6°005 5853] . 5925} 
5.087 fs 0 - 0:147 [ 6°00 9.975 [ 6°00 
0-095 0°179 0-427 0-817 
3-753 +3-93 3-821 +4-00 3°66614:12 3-468 +429 
0-081 | — | 0-023 | — 
0-205 | — | — | 0:307] 
0083|,.,, 0:085{.., 0-025] .. ; 
0-003 Ls 10 0085 | 5.99 0-099 Ls 88 — +5-60 
5-804 | 5*820 | 5°756 | 5-291 | 

— 1°4 0-4 — 
95:9 95-7 93-2 92:9 

0-6 1°5 4:4 1-6 

3:5 — — — 

— _— 0-4 — 

— 1:4 1:7 


> Includes Cr°* 0-151 


7 
8 


(Vlasova ef al., 


ae he ee 


9 Andradite, Daskasan, Azarbisan, USSR (Biswas, 1974), 
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11 12 

35°36 35°37 SiO, 
tr. — Tid, 
0:98 2°31 ALO, 
29°40 28-22 Fe,0; 
0°05 0°42 FeO 
tr. 4:04 MnO 
1°23 —_— MgO 
31°33 29°31 Cad 
— — Na,O 
— _— K,0 
0:23 H,0* 
— 0:28 H,3” 

99°73 99°95 
1:869 — n 
3°82 3°880 D 
12-001 — a(A) 
5°922 5983 Si 
bona F600 oot Al 
0: 13] on} Al 
3-705 +3-97° . 592 +4:04 Fe** 
Ti 
0: 307 Mg 
0:007 0: -059 Fe** 
_ 5°94 0-579 , 95 Mn 
5-622 | 5-312 | Ca 
1:0 Almandine 
89°7 89°3 Andradite 
— — Calderite 
_— — Grossular 
1:2 _— Hydroandradite 
— — Hydrogrossular 
0°3 — Khoharite 
4:9 _— Pyrope 
— _ Schorlomite 
0:1 — Skiagite 
_— 9:7 Spessartine 
3°8 — Uvarovite 


aemoie Dasocian 


Honey- yellow topazolite, encrusting serpentinite, Larcinaz, Val d’ Aosta, Italy | (Sanero, 1935). 


Obhae bh ry. c¢ 
Andradite inner zone (for UuUule! ZUIIL, XO anal. 24), skain, Cnorukn- Vaylull deposit, Russian o 


1975). Microprobe anal. 


10 Yellow-green demantoid, augite serpentinite, Totalp, Davos, S vitzerland (Peters, 1963). (Also includes Mn 
100, Cr 165 p.p.m.) 


11 Green andradite, serpentinite, Dobsina, west Carpathians, Czechoslovakia (Fediukova etal., 


Cr20; 1:14, NiO 0°01,5). 
12 Deep brownish red transiucent garnet crystais, on aitered diopside of contact zone, Caroius mine, Vask6, 


Romania (Zombory, 1934). 


1976). (Includes 
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Table 59. Andradite Analyses - continued 
13 14 15 16 17 18 

siO, 36°03 35°45 35°4 36°40 35°42 34:8 
TiO, 0:80 0-07 — 0-05 0°16 0-06 
Al,O; 2:20 3°88 0°58 4:25 6°06 8:0 
Fe,0; 28°20 27°25 30°37 25°29 23°15 22:0 
FeO 1°52 — 3:00 2:41 0-00 0:5 
MnO 0-16 1°87 3-06 1°55 0-15 11:4 
MgO 2:10 0°03 — 0:02 0°81 0°1 
CaO 29°07 31°64 28-0 30-5) 34-45 22:9 
Na,O — 0:00 — 0°14 0-00 — 
K,0 — 0-00 — 0-08 0-05 — 
H,0* — — _ _ 0°45 — 
H,Q- — — — — — 0:03 

100-08 100-19 100°41 100°70 100:70 99:79 
n 1-890 _— — 1:863 1:848 1-893 
D 3-820 — _— 3-72 — 3-98 
a(A) — — — 11-996 — 11-99 

Numbers of ions on the basis of 24 O 
Si 5: ors} mS 899 mm 6°017 6-023 5: 85 5818} 
Al 0-025 [5 9-101 [50 = _ _ 0-255 6:00 9.1482 [6°00 
Al 0: 405] 0: 660 | 0-116 0 823 | 1:394 
Fe** 3°519+4:02 3°413 4:08 3:884+4:00 3-149 3-98 » 336 3°75 2:768 4:17 
Ti 0-100 | 0-009 | — | 0-006 | 0-020 | 0-008 | 
Mg 0°519] 0-007 | — 0-005 | 0:196 | 0-025 | 
Fe?* 0-211 0:426 0°333 _— 5, 0°070| . 
Mn 0-022 :s 92 0-264 ‘s 9) 9-441 is 97 9-217 Ls-96 0-021 [29 1-614 Ls 81 
Ca 5-165 | 5-642 | 5-099 | 5-409 | 5-987 | 4-102 | 

Mol per cent end-members 
Almandine 1:7 — — 5°6 — 1:2 
Andradite 87:3 86°8 85°5 79:2 71°5 70°6 
Calderite _— — 4°§ —_ —_ — 
Grossular — 8°6 11°5 22:2 — 
Hydroandradite — _— _— _— — — 
Hydrogrossular — _— _— _— 233 —_ 
Khoharite — — _ — — _ 
Pyrope 8°8 0-1 _ 0°1 393 0°4 
Schorlomite — — — _ 0:3 — 
Skiagite 1:8 — 741 — — — 
Spessartine 0-4 45 2:9 36 0:3 27°8 
Uvarovite — — _ _ — — 
13 Andradite, Channapatna area, Bangalore district, Mysore, India (Kripanidhi, 1968). 


14 


17 


18 


Garnet, garnet- amphibole rock, Blue Mountain felsic alkaline complex, Grenville Province, Ontario (Duke 
and Edgar, 1977). 

Andradite, garnet-hedenbergite skarn, Hartenstein, Austria (Huckenholz and Yoder, 1971). 

Chestnut-brown massive garnet, associated with epidote, quartz and chlorite in metamorphosed andesite near 
granite contact, Cotil Point, Jersey (Oliver, 1958). Anal. R. L. Oliver. 

Golden yellow andradite, high-magnesian skarn, Tazheran alkali igneous complex, Baikal, USSR (Konev and 
Samoilov, 1974). Anal. L. V. Komarova. 

Dark apple-green andradite-spessartine, Pajsberg manganese and iron mine, Vermland, Sweden (Lee, 1958). 


Anal. E. H. Osiund. 
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19 20 21 22 23 24 
36°48 35°97 33°85 37°03 37°39 37°3 SiO, 
0°56 0°89 0°84 0°04 0:28 — Tio, 
6°80 5°82 11°07 8:92 10°08 10°2 Al,O; 
21°94 19°90 18°67 18°34 17°37 17:1 Fe,0, 
3°33 1°36 0°76 2°25 3°71 1:9 FeO 
0°56 0:00 0-88 1-09 0-14 0-8 MnO 
0:00 0°31 0°15 0°83 1°55 0°4 MgO 
30°22 32°49 32°51 30°26 29°63 32°3 CaO 
0°03 _— 0°49 —_ — —_— Na,O 
0-02 — O17 — — — K,0 
— 0°35 48 — — H,0* 
0°06 0:20 0-08 0°16 _ _ H,0- 
99°94 100-05 99°82 99-40 100-15 100-0 Total 
— 1°849 — 1°827 — 1°824 n 
3°87 3°759 — 3°77 — — D 
11°97 — 12:00 — — ~ a(A) 
5°986 } so | 5505} 5964 | 5979 | soe Si 
0014/5 9-o98 6 9-495 FOO 9-936 [6 9-021 9-015 [O° Al 
1311 1 “a 1627 | 1: a 1:879 1: os Al 
2:709 +4:08 2:457+4:00° 2°285 -4-02 2°223 +3°89 2:090+4:00 2:065 +3:98 Fe>* 
0-062 | 0-110 | 0103 | 0-005 | 0-034 | Ti 
— 0-076 | 0:036 | 0-199 | 0-369] 0: 064 Mg 
0°457 0°187 0:103 0-303 0:°496 0°255 Fe?* 
0-078 Ls 85 Ls 98 0-121 is 93 9-149 Ls 87 0.019 Ls 96 9-109 Ls 01 Mn 
5-313] 5°712| 5-665 | 5:222 | 5-077 | 5-553 | Ca 
7°8 3°1 — 5:2 8:3 3°8 Almandine 
69°5 60°S 58:2 56°8 52°6 5177 Andradite 
— — — — — — Calderite 
21:4 23°8 35°4 29°7 32°6 41:0 Grossular 
— — _— _ — —_— Hydroandradite 
— — 19 2°4 _ — Hydrogrossular 
_— — 1:8 _— — —_ Khoharite 
— 1:3 0°6 3°4 6:2 1°6 Pyrope 
— i°2 _— — — _— Schoriomite 
—_— —_— —_ —_ — — Skiagite 
1:3 Z'1 2°5 0:3 1-8 Spessartine 
— 10°1 — — — _— Uvarovite 
© Includes Cr?* 0-403. 
19 Andradite, hedenbergite- garnet—epidote- plagioclase skarn, Hallinmaki borehole Virtasalmi area, eastern 
Finland (Hyvarinen, 1969). Anal. M. Smejkalova. 
20 Small dodecahedral garnet crystals, contact with ultrabasic intrusion, Tari district, Tottori Prefecture, Japan 
(Kitahara, 1959). (includes Cr2O3 3-11.) 
21 Light brown grandite, nepheline-syenite, Fukushin-zan alkali complex, Korea (Miyashiro, 1959). Anal. H. 
Haramura. 
22 Reddish brown garnet, metasomatic fissure in thermally metamorphosed andesite, Blue Rock Quarry, Shap, 
Westmorland (Firman, 1957). Anal. R. J. Firman. 
23 Garnet, Napak, Uganda (King, 1949). Anal. B. C. King. 
24 Andradite outer zone (core: anal. 8), skarn, Chorukh-Dayron deposit, Russian SFSR, USSR (Vlasova ef al., 


1975). Microprobe anal. 
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+8 | oN, Ca-Fe-Al-Si. skarns 


1.2 30.4065 6 67) 8 9 «1.0 


Mole fraction of andradite 
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ornfels in the Osgood Mountains, Nevada (a 


me: 


in 9 
Ke « 


silicate 


(light green in thin section) have been reported with SnO, 1:07-1:36 per cent 
(Dadak and Novak, 1965), and an andradite (Gro3.¢..6) with SnO, 1°44 per cent 
was recorded by Saksela (1951). Dadak and Novak noted that Sn was found in 
other than trace amounts only in Ca-bearing garnets and suggested that the 


enkectitntian might he that af Cn 2+ far Ca?2* the Ahranc (1069) radii haing Cn2t 
OUVOLILULIVWIE BALE AAt Ue tliat Vi whe ivi nua > LAIN PAILS LL aI“) tau UelUs Jal 


0:93, Ca2* 0-99 A; alternatively, they pointed out the possibilities of the substitu- 
tion (SiO,4)* by (SnO,)*, and calculated their analysis in these terms. More pro- 
bably the substitution is Sn** (0°71A) for Fe**(0-64A), with a concomitant 
substitution of Al?* for Si’. The stannian andradites from Davib Ost, South West 
Afri ica, have the unusually high amounts of up to 5: 81 per cent SnOQ2, appar ently 
in octahedral coordination (McIver and Mihalik, 1975); see also Amthauer ef al. 
(1979). From a tin-refining slag, Butler (1978) has reported a zoned andraditic 
garnet with 26°26 per cent SnO, in the core and 1°57 in the rim; he also recorded 
the synthesis of a tin garnet (SnO, 25°80%) of composition Ca;3Fe,. sAlo.sSn- 
Syn thanah thic canld he written Ca.SnfFe AD ISi.(Al FelD,.) ac Sn4t ic Hike. 


Si2U712, HUOUR Wiis COUIG OO WHILE Va gZOT ee, fags PORAAI,EOP 12] GS Ol 1S TERE 
ly to have a low preference in the tetrahedral site. The distribution of boron in 
andradite-grossular garnets from skarns was studied by Lisitsyn and Khitrov 
(1962). There is some evidence that trace amounts of boron occur in certain skarn 
andradites (Mel’nitskiy, 1966). An yttrian andradite (Y2O; 3°36%) has been 


dacerithad hy Macnaweki and Ungarth (1088\ cae Tahle 41 n £20 anal @ and the 
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minor substitution of scandium for Fe** has been reported (Frondel, 1970). 


Titanian andradites. Many andradites of primary origin in alkaline igneous 
rocks are dark brown to black in colour in hand specimen and contain ap- 
preciable amounts of titanium. Structural and experimental evidence indicates 
that the titanium is mainly in the octahedral position replacing Fe°**, as the 
relative preference for the tetrahedral site must be in the order Al 2 Fe> Ti (Hug- 
gins ef al., 1977a). Thus the name melanite is used for those varieties of titanian 


andradite which have Fe** > Ti in the octahedral position while those with Fe** < 


ealasrat +m accr 


Ti in this position are referred to as schorlomite (Table 60). This division on 
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crystal-chemical grounds is rather close to the 15 per cent TiO, boundary 
originally proposed by Zedlitz (1933) and is preferable to the boundary value of 
1:0 total Ti in the structural formula when calculated on the basis of 24 O (Howie 
and Woolley, 1968). 

The most titanium-rich ga 


per cent, which occurs as rare grains associated with the leucoxenic alteration of 
ilmenite in syenite from Morotu, Sakhalin (Grapes ef a/., 1979). This schoriomite 
is deep reddish brown to virtually opaque in thin section; recalculation of the 
analysis shows it to have some Ti** in the tetrahedral site but still leaves a substan- 


tial a nt anf Ti44 ta ha an aAdateada in tha artahadral site Granes etnl cane 
tiai amount of al to oe accommodated in tne octanedrai site. Gr apes éf @i, Con 


sidered that the entry of Ti** in this garnet is controlled by two main substitu- 
tions: Ti** = Si** and R?* + Ti** = 2R3* where R** is mainly Fe** (most of the 
Fe?* replaces Ca in the dodecahedral site but there is still a considerable amount 
in the octahedral site). 


The dAetarminatinn af the irnn and ¢t 
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& 
relatively easy by wet-chemical or electron microprobe analyses but the assess- 
ment of both the Fe>*/Fe?* and Ti**/Ti** ratios is not possible by chemical 
methods alone. Some information on the Fe**/Fe?* ratio can be determined by 
the use of MGssbauer spectroscopy, and infrared absorption spectra have been 


and tn accion titanium tn actahadral Ty 3+ fog Manning 1TOKATK\ The nnecihla 
usea to ne to to Welaiwulidal 11 Ae. B. LVAGUMIINIE, LIAUIU. LUN PUOOIUIN 


presence of Ti>* has been invoked to explain an excess of reduced cations in many 
analyses and Huggins et al. (1977b) concluded that the substitution Ti?* = M** 
may occur although in most specimens it amounts to no more than 5 per cent of 
the total trivalent cations (see also Moore and White, 1971). In the zoned 
melanite from the Dallas gem mine, San Benito County, California (Table 60, 
anals. 2 and 16) a greater amount of Ti?” may be present in the core. The core of 
this melanite is pink in thin section and it may be suggested that the pink colour Is 
indicative of trivalent titanium, cf. lilac-coloured titanaugites; however, Huggins 
et al, (1977b) have sought to equate the reddish tints with substantial amounts of 


Ba2t ; tha ahadral aActinn Dravinice wark the ad alanitac af the 
Ae in tne octanearai position, i révious WOrKk on woe zonea meianites oI we 


Dallas gem mine was presented by Isaacs (1968) who reported that for one 
specimen total Ti was 9°1 per cent and that reduced Ti (calculated as Ti**) was 9°2 
per cent, indicating that all the Ti was in the trivalent state. Dowty (1971), 
however, reached the opposite conclusion for a schorlomite from Iron Hill, Col- 


nradn and cnaaected that the amnaunt af Ti3t nreacent wac neahaihle Rerent wark 
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by Schwartz et al. (1980) has indicated the presence of substantial Ti** in some 
natural Fe-Ti garnets, the Ti**/(Ti?*+Ti**) ratio for a suite of eight specimens 
ranging from 0-00 to 0:23. Schwartz et al. also concluded that Fe?*{X} > Fe**(Z) 
electron delocalization occurs, obviating the replacement of Si by tetrahedral 


Ea2t Lar tananne titanian aarnate thay raAnciAarad that tha relative a 
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the tetrahedral (Z) site is Fe?* > (Al**, Ti**). 

Element correlations from chemical analyses of titanian garnet have been used 
to discuss the relationships between Si, Fe**, Al and Ti in zoned crystals (Kunitz, 
1936; Lehijarvi, 1967; Howie and Woolley, 1968). However, as pointed out by 


Li.wgoinc otal (1OFFKN tha ent: AFT: tn tha niembhar nf tatrahadrcally canrdinated 
Huggins Cl adi. \izyi ivy), tne ratio OF 110 the numoer Or vétranea; ally LUUVIUTAWU 


sites not occupied by Si is uniformly in excess of 1:1, indicating that Si is not the 
only element being replaced by Ti. The problem may be illustrated by reference to 
Fig. 291, in which the site occupancies for six synthetic titanian andradites are 
protiee (Virgo and Huckenholz, 1974); it is evident that cation imbalance 1 in the 
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Table 60. Titanian Garnet Analyses 















































1 2 3 4 5 6 
SiO, 34-84 34:2 37-2 35-22 34°57 34:70 
Tio, 2:14 2:5 2°58 3°44 3°56 3-91 
Al,O; 3-48 0-7 8:18 3:96 2:69 1:22 
Fe,0; 24:13 29-2" 18-01 23-48* 25:43" 28-03* 
FeO 2°56 — — _ — _— 
MnO 2:94 — 0-19 0-24 0°64 0°68 
MgO 0°58 0:2 1:02 0°45 0°40 0-14 
Cao 29-42 33°6 33°30 33-21 33°36 31-85 
Na,O — — — 0:10 — 0:22 
K,0 — — — — _ —_ 
Total 100-09 100°4 100-48 100-10 100°65 100-75 
n 1°878 1°834 — — _ 
D 3°84 — 3-71 — 3-77 ~ 
a(A) 12:029 11°98 — 12-068 — 
Numbers of ions on the basis of 24 O 

Si $829] 5749] 5925] 5-798] $°720] 5-776] 
Al | 0171 | 6o9 0°139 6:00 9975 L609 97202 6c 0289 L 6.99 9224 | 6-00 
Fe 0-112 — — — — 
Ti — J ~ J — I — J — J — | 
Al 0°515] _— | 1: 1] 0:566 | 0: 5] 0:015| 
Fe** 3-038 [3°82 3582 73°90 2159 [393 2909 +3°90 3°1671+3°86 3°51i + 4-02 
Ti 0-269 0°316 0°309 0-426 | 0-443 | 0-480 | 
Mg 0°145 | 0:050 | 0°242 | 0-110 | 0-099 | 0:035 | 

a+ . — —_— 
Fe 0358 |g. = Leto vane s 8 6-00 — | 60 — | sei 
Mn U4ail/ _ VvuUzo WUSS vuvu u'uyo 
Ca 5-274 | 6 052 | 5-683 5-858 | $-915 | 5-681 | 





Reddish brown titanian andradite, Aipe Grifone, Valie di Viu, Piemonte, Italy (Franchini Angelia and 
Ferraris, 1970b). 


Vallaw melanitea rim (for cor 
SOu0W Mame Ti iUr COT 


Harris, 1970). 

Melanite, rodingitized ultramafic rock, Geisspfad, penninic Monte Leone nappe, eastern Simplon region, 
southern Switzerland (Keusen, 1972). 

Brown core of large garnet, malignite, Poohbah Lake complex, northwestern Ontario, Canada (Mitchell and 
Platt, 1979). 

Melanite, nepheline-syenite, Loch Borolan, Scotland (Huggins et a/., 1977b) (D and a from Howie and 
Woolley, 1968). 

Brown melanite rim (for core, see anal. 11), nepheline-syenite, Itapirapua alkaline district, Sdo Paulo, Brazil 
(Gomes, 1969). 


California (Manning and 


sVESASA ES 


Garnet Group: Andradite 625 












































7 8 9 10 11 12 
35°31 34-30 31°5 32°51 33°65 33°30 SiO, 
4:09 5-08 5:97 6°14 6°82 6:90 TiO, 
2°51 4°46 5°37 2:79 1-12 2-00 Al,O; 
24:87 24-09 23-6* 26-74* 26°30* 24°74 Fe,0; 
4°47 _ — —_ - 2:15 FeO 
0-66 — 0-20 0-71 0-74 0-22 MnO 
0-65 0°52 0°21 0°27 0°21 1-03 MgO 
27-01 31-06 33°3 31°16 31°65 29-60 C20 
0°45 — 0-19 — 0°31 — Na,O 
0°14 — —_ — 0-01 — K,0 
100° 16 99°51 100°4 100-40 100°81 100-04 Fetal 
1-888 1-907 — — ~ 1-962 n 
_ ~ — — — 3-740 D 
12-056 — — ~ — 11-933 a(A) 
5897 | 5-651 | 5-226 | 5-412] 5593 | 5-550 | Si 
0°103 0:349 0-774 0°547 0°219 0-393 Al 
— [6:00 _ F 6:00 — f-00 o-0ai [ 6°00 0-188 | 6 0-057 [ 6°00 Fe>* 
— J = — J — J — J — J Ti 
0-391 | 0°517 | 0-276 | — | — | — | Al 
3:126 +403 2°987 + 4:13 2:947 por 3-309 + 409° 3102 73 96 3-046 73°91 Fe** 
0°514 0-629 0:745 0-769 | 0°853 0°865 Ti 
0-162 1 0: vs) 0-052 | oer 006 | 0-256 | Mg 
. —_— — — — * + 
0°624 | cay 561 og F600 pat 5°73 gang b 8:79 23 5-97 Fe 
0-093 U'UZ8 U° 100 U" 104 U'US1 Min 
4-833 | 5 433 | 5-920 | 5558 | 5637 | 5-286 | Ca 
* Includes Cr>* 0-003 


* Includes Cr°* 0-011 


7 Melanite, vein in nepheline-syenite (foyaite), Kangerdlugssuaq, east Greenland (Kempe and Deer, 1970). 
Anal. W. A. Deer. 


8 Black meianite, ijolite, Iron Hill, Gunnison County, Colorado (Larsen, 1942). Anal. W. T. Schailier. 


8 
9 Titanian andradite, melilite-wollastonite- garnet inclusion in dacitic lava, Santorini volcano, Greece 
(Nichalile 1971) ({Micranrnha anal: inclidac Cr.O0., 0-09 SrO 1-127 \ 


(Nicholls, 1971) (Microprobe anal.; includes Cr;O,; 0°02, SrO 0°03.) 

10 Melanite rim, microphenocryst in trachyte, Crowsnest formation, western Alberta, Canada (Ferguson and 
Edgar, 1978) (includes Cr203 0°08). 

11 Dark brown melanite core (for rim, see anal. 6), nepheline-syenite, Itapirapua alkaline district, Sao Paulo, 
Brazil (Gomes, 1969). 

12 Melanite, Taimbir, USSR (Biswas, 1974) (includes P20; 0°10). 
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Table 60. Titanian Garnet Analyses - continued 









































13 14 15 16 17 18 
SiO, 34:01 30°09 30°89 32°5 27°14 27°82 
Tio, 8-44 9°38 10°84 11-2 12°37 13°57 
Al,O, 2°69 6°97 0-70 0-7 5:23 2°42 
Fe,0, 19°24 20°63 24:36" 21-4* 20°44* 23°22* 
FeO 2°26 1:04 — _ _— —_ 
MnO 0:03 0°35 0°40 = 009 0-5! 
MgO 0°80 0°76 0°47 1:0 0°86 0°73 
CaQ 32°14 31-06 32°64 33-7 [33-66] 32°17 
Na,O 0°12 _ _ _ _— _ 
K;0 0°02 _ _— _ _ _— 
Total 99°75 100-28 100-30 100°5 59°79 100°44 
n — 1:935 — — — = 
D 3°82 3°785 _— — 3°813 —_ 
a(A) 12°085 12°104 _— _ 12°104 12-125 
Numbers of ions on the basis of 24 O 
Si 5:635 | 4:946 | 5-173 ] 5-367 | 4°567 ] 4-664 | 
Al 0°365 | _. 1-054 | 07138 |. 0°136| _. 1:037 |. 0-478 | 
Fe’* — rs o- rs 00 0-689 i 00 0-497 r6 00 0-396 rs 00 0-858 is 00 
Ti — — -— | — | -— | —~ |] 
Al 0°16! 1 0-296 _ | — 1 _— | _— | 
Fe** 2°389 +3°60 2°552 + 4-01 tes] 2°162 + 3°55 2°192 +3°76 2-071 pr 
Ti 1-052 1-160 1:365 1-391 1-565 1711 
Mg 0-197 | 0-186 | 0 aaa 06) 0216) 0-182 | 
Fe?* 0-313 |. 07143 | .. _— . _ . _ . —_ . 
Mn 0-004 [°22 o-o49 75°85 0-057 7&3 = — fF © 22 gaia 793° o-072 7 9°03 
Ca 5-705 | 5 470 | 5-857 | 5 963 | 6-069 | 5-778 | 
13. Black lustrous melanite, on serpentinite, near Dallas gem mine, San Benito County, California (Howie and 
Woolley, 1968). Anal. J. N. Walsh. 
i4 Black, well-crystallized melanite, Oberbergen (Kunitz, 1936). 
§ Melanite, volcanic ash, Oldoinyo Lengai, Tanzania (Huggins et al., 1977b). 
16 Pink core to melanite (for rim, see anal. 2), Santa Rita Peak, San Benito County, California (Manning and 
Harris, 1970). 
17 Melanite, skarn, Dirbat Well, Northern Red Sea Hills, Sudan (Huggins et al., 1977b) (D and a from Howie 
and Woolley, 1968). 
18 Melanite, phonolite, Bildstockle, Kaiserstuhl, SW Germany (Amthauer ef a/., 1977). 




















Garnet Group: Andradite 











19 20 21 22 23 
28:96 27°67 «2680-2599 26-15 
13°77 14:20 14°83 16:21 1646 

3-70 3-05 1-12 1-15 351 
19-80 19°28 2353 23°01 2115+ 
1°86 3-62 6-80 636 — 

0-27 0-22 0-45 039 «= 038 

tr tr. 1-02 0:94 0°52 
31-20 31-08 2464-25-20 31°18 

_ 0-62 0-39 0-31 _ 

_ 0-20 0-32 0-22 
99-56 100-05 10016 = 100-11. «9°35 

_ 1-97 1959 «1-971 _ 

— 3-732 3-893 3932 _ 

_ 12138 12168 _ _ 

4:847] 4:708] 4-611] 4:468] 4:406]| 
0-730|_.. 0612|,  0°227|, . 0°233|,... 0°697 
ons san File Vee Fae 
ron 3-80 1780] 3-61 ass! 3-80 eral 3°77 78s] 87 
1-733] 1-817) 1-919} 2-096] 2-086! 

0262} 0-241 0-131] 

0-260], ., 0515]... 0979|. 0. O914|. _ 
0:038/5 8? 9-032)! 0-066/5°85 0-057 5°85 0-084 }5'82 
5-595 5-666] 4543} 4642} ~—«5630 
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19 Melanite, USSR (Gnevushev and Fedorova, 1964). Anal. V. M. Kovyazina. 
20 Schorlomite (iivaarite), coarse-grained melteigite, livaara, Kuusamo, Finland (Lehijarvi, 1960) (includes H,0* 


A.41y 
U'Lap. 


21 Schorlomite, melteigite, west of Horningsholm, Alno Island, Sweden (Eckermann, 1974) (Includes BaO 0:06, 
C1 0:04, H,0* 0:10, H207 0-06). 


22 Schorlomite, melteigite, N. of Pottang, Alno Island, Sweden (Eckermann, 1974) (includes BaO 0:05, H,O 


0°12, H2O™ 0°16). 
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1977b). 
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Morotu, Sakhalin (Grapes et a/., 1979) (includes N 


oar 


Na; 


Reasicine_ acfuaedeonmnite. caniamatita cuanita 


net- acgirine — ari VOGSOnite — acnigmatite syenite, 


O 0:01; microprobe anal.). 


+ 


Schorlomite, schorlomite- wollastonite-titanaugite vein in pegmatitic pyroxenite, 1000 m E of Camphouse, 
Ardnamurchan, Scotland (Huggins ef al., 
Schoriomite, nepheline-syenite, livaara, Finland (Zediitz, 1935 
but recalc. is on an anhydrous basis). 
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). Anai. O. Zedilitz (total includes H,O 1:25 
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Fig. 291. Si‘*, Fe**, Ti** site occupancy v. mol. per cent of Ti-andradite. Solid lines show an ap- 
proximately linear trend of site occupancy with composition; dashed line refers to Fe°* site occupancy 


of the tetrahedral site, which would exclude Ti** (after Virgo and Huckenholz, 1974). 


this site than by Ti**, the compensating substitution being that of Ti** for Fe** in 
the octahedral sites. For earlier work on the crystal chemistry of Ti‘* in an- 
dradites see Tarte (1960b 1965S) and Hartman (1969) 
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Some of the titanium- rich garnets from the rocks of the Alno alkaline complex 


are reported to contain appreciable H,O* (1°08, 1°38 %) and have been termed 
hydromelanite (Eckermann, 1974). Trace element data for melanites and 
schorlomites are given by Huggins et al. (1977b), indicating that around 0°1 per 


cen 7r andQ:2 per cent V are common, 


aeasas wa 


The expansion in the cell parameter a from that of pure andradite (12°056 A) to 


around 12°19A for 17 per cent TiO, has been documented (Howie and Wooiiey, 
1968; Kusachi et a/., 1975). 


Goldmanite Minor amounts of vanadium have occasionally been re 
eG SEe4W OE Aw weesriwe BASES svwwe aw 


garnets (e.g. Doelter, 1916) but the occurrence of a calcium garnet containing 
vanadium as a major constituent was first reported by Moench and Meyrowitz 
(1964) who gave the name goldmanite to the vanadium analogue of grossular and 
andradite, i.e. Ca3;V3*Si3;0,2. The type specimen (Table 61, anal. 4) occurs as 


minute dark green tn hrownich green crvctale and is an ahiminian ferrian 
BSLLLALULWY wh &' wwad ew Ww FF AAA ES &+ wwaas way wena says aan QRELAAAALAZALGCAAL wah GQ454 


goldmanite. Previously a vanadian grossular (V20;3 4°52%) had been described 
by Badaiov (Tabie 61, anai. 5), but more recently goidmanite from the USSR has 
been described with V2.0; 21°87 per cent (Shepel’ and Karpenko, 1970), and 19°60 
per cent (anal. 3) and 15°12 per cent (Filippovskaya ef a/., 1972), and from China 
with V.O©. 94:22 per cent (Wana ot al 107A\ Vanadian arncentlare with V.O. 
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3°30 and 1°60 per cent (Table 61, anal. 6) are also reported; see also Switzer 
(1974). 

A yellowish green vanadian garnet from Yamato mine, Japan, was reported by 
Momoi (1964) with MnO 15:92 per cent, it is thus a manganoan goldmanite 


(Table 61, anal 1). Later Yoshimura and Momoi (1964) stressed the o occurrence 


aauvin Va ashes WORELERLLS aus ivawabiwes Lb twusiwne 


in this mineral of Mn;V3* Si;0,2 as well as Ca;V3* ‘Si,0;3 and suggested that the 


Garnet Group: Andradite 629 


Mn;V2*Si;0,2 molecule be given the name yamatoite; this is not strictly accep- 
table as in the Yamato sample this molecule is subsidiary to the goldmanite 
molecule, but it is convenient to use the name for a theoretical end-member. The 
gem garnet represented by anal. 7 (Table 61) contains V2O; 0°75 per cent but with 


Mis and MnN Anminant nver CaNY and muect he concideread a nvroane- 
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spessartine; the presence of vanadium in this specimen imparts a colour change 
from greenish blue in daylight to magenta by tungsten illumination (Jobbins et 
al., 1975). The absorption spectra of several natural vanadium-bearing garnets 


have been discussed by Schmetzer and Ottemann (1979). 
Qald ite een cunthacizad by MiP (1964) and Ito (1965) T 


hach 
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conditions for the crystallization of goldmanite were reported to be at 700°C for 
2 kbar pressure, which gave weakly anisotropic light green crystals with n 1°82, a 
12:06A (Ito, 1965); goldmanite is unstable beneath about 450°C. Dark green 
equigranular Ca;V2Si;012 prepared hydrothermally at 530°C and 3 kbar in a 


WiAayv ron with fF ecantralled hy tha hamatite_m enetite hiiffar hac 
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12:070 A, D (calc.) 3-765 (Strens, 1965a). 
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Kimzeyite. Zirconium had been noted as a minor constituent in titanian an- 
dradites; Zedlitz (1935) reported 0°19 per cent ZrO, in a Kaiserstuhl melanite and 


Niicbal (1Q4N)\ Faund 2-79 ner cant 7rQO. in titanian andradite fram thaQka Oneahac 
INIORE! (Ua v0uy POUNG Oo; POr Cet 21072 i titaiual anuraGic’ 1POm ule Und, Vwucoe’, 


carbonatite. The discovery of garnet with Zr as a major constituent was reported 
by Milton et a/. (1961) who named the species kimzeyite. Kimzeyite (Table 61, 
anal. 11) occurs as dark brown crystals in the carbonatite of Magnet Cove, 
Arkansas; it is basically Ca3Zr2(Al,Si)O,2 with Ti replacing Zr and Fe** replacing 


Al Ear hroawn Limgzoavite fram Strambhali the chemical farmula acctanead an the 
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basis of a microprobe analysis, site occupancy refinement and known spectral 
data is (Ca2.94Mno.o6)(Zr 1-21 Tlo.47 Mg o.32)(Si1 +51 Al.-oo Feo -49)O12 (Munno et 
al., 1980). Other titanian andradites with appreciable ZrO, are known (e.g. Table 
61, anals. 12 and 13 with ZrO. 12°8 and 4:0%) and zirconian schorlomites with 


Wel 19-92 anA 12-11 nar rant hawvea ha rannanrta Adin na Bykova 1Q42\ 
21272 1VU fo aliu toy ik pul cent nave ocen repor ted (Borodin ana yYnvva, 17VUIsj. 


Zirconium-rich titanian garnets with ZrO, ranging from 3°56 to 19°53 wt. per 
cent from ultramafic carbonate-rich lamprophyre have been described by Platt 
and Mitchell (1979). The TiO. contents in these garnets range from 8°85 to 13°26 
wt. per cent with zoning in individual crystals. 


TItqn and Froandel (10474) faund nearly camnrlete caluhilite y in the ternary system 
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Ca3Fe2Si3;012- Ca3Zr2Fe2SiO; 2-Ca3Ti2Fe2SiO,2. These authors suggested that 
the species names andradite, kimzeyite and schorlomite be applied to calcium 
garnets with respectively Fe**, Zr or Ti dominant in atomic per cent in the six- 
coordinated position, and containing either Fe or Al as the compensating ion in 


the tetrahedral nocitinn In accemhling a nrosramme for recracting carnet 
CAI EULA GAIRUAI GL PPVOILIVaL, ath GQOONINIUIINIE QA PIVEIAMUIY LuUL AELAOUIINIE BALL 


analyses, Rickwood (1968) preferred to take Ca3Zr,Al,SiO,. as kimzeyite, 
following Milton et a/. (1961), giving the Ca3;Zr.(Fe2Si)O,2 molecule the name 
ferric-kimzeyite (see Table 61). Other synthetic zirconian garnets were prepared 
by Geller ef al. (1965). 


Most of the early syntheses of andradite were of doubtful purity (probably often 
containing a proportion of Fe O and often some hydro ogarnet molecule) and no 
systematic data were available on the stability fi ee of 


t or andradite in varying P- T 
conditions. An investigation of the 







































































Tabie 61. Vanadian, Yttrian or Zirconian Garnet Anaiyses 
1 2 3 4 5 6 

SiO, 35:76 37°49 34:90 36°6 39°16 38°7 
TiO, O11 — 0°66 — _— 0°25 
ZrO, — — — —_ — — 
Al,O,; 1:96 3:98 2:58 49 16°39 20°9 
cr,0, — 0:20 3:39 — 1:01 0°19 
V,0; 24:90 21°87 19-60 18-3 4°52 3°3 
Y,0; ~— — _— _ _— — 
Fe,0, 1:13 2°48 0°15 5°4 3°13 — 
FeO — 4:00 — — — 0:05 
MnO 15-92 —_ — 0°3 — 0°75 
MgO 0-08 0:09 — 0-7 3:30 0°5 
CaO 19-28 30°45 32°73 33°3 31:96 35°1 
H,O* 0°54 — — — — — 
Total 100-07 100-56 94:01 99-5 99-47 99:84 
n 1°855 1°834 1°800 1°821 1°741 1°743 
D 3°91 3:764 3°82 3°74 3°53 3°61 
a(A) 11-974 12:04 12:011 — 11°863 11-578 

Numbers of ions on the basis of 24 O 
Si 6:025|. 6°102 6°061 5-978], 6°000 58801, 4, 
Al — | — _ O°022) > ~ _ O12Z0) > ~~ 
Fe** — — — — — — 
Ai 0:389] 0°763| 0°528) 0:921} 2:960] 3-623 | 
Cr — 0:026 0°466 —_ 0-122 0:023 
Fe" 0-143 0-3 0°020 0°664 0-361 — 
Ti 0-014 9! 2 [3°95 0-086] 3°83 ° 1338 * i 0-029 [4°08 
ar _ — — — _ — 
Vv 3-364 | 2-854 | 2730| 2-397| 0-555 | 0-402 
Mg 0-020] 0-022] — 0-170] 0:754 0-113] 
Fe’* ~ 0-544 — —_ — 0-006 
Y — 5:77 — 7588 — — 604 — ~ [>93 
Mn 2°272 | — y — 0:042 ; — i 0:097 
Ca 3-481 | 5-310 | 6-091 5-828 | 5-247 5-715 | 
Almandine — 9°3 — — — — 
Andradite 3-7 77 0°5 16°7 9:0 — 
Ferrickimzevite  — — — — _— ~ 
Goldmanite 48-0 72°8 7 59°4 13:9 8:6 
Grossular 59 9-1 14°] 20°4 61°5 87:3 
Hydrogrossular 2°6 _ —_ _ _ _ 
Hydroandradite — —_ — — — _— 
Kimzeyite — _— _ _ —_ — 
Pyrone 0-4 0:4 — 2°8 12°6 1-9 
Schorlomite — —_— — — — — 
Skiagite — — — — — _ 
Spessartine — —_ — _— _— — 
Uvarovite — 0°7 12°4 — 3:0 0°6 
Yamatoite 39°4 — — O7 _ 16 
Yttrogarnet _ _— —_ _ — — 





1 Dull greenish manganoan goldmanite, in rhodonite-roscoelite rock, Yamato manganese mine, Amami 
Oshima Island, Kagoshima Prefecture, Japan (Momoi, 1964). Anal. H. Momoi (includes Na,0 0:25, K,0 
0:04, H,0° 0°10). 

2 Emerald-green goldmanite, mukhinite (vanadian clinozoisite)- goldmanite- pyrrhotite vein in muscovite- 


hearing marhle Tachelaincskive maanetite denosit. Garnava Shoria 
OCaring Marodie, asi r c et Gorr 


1970). 
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3 Dark green vanadian garnet, metamorphosed organic-rich shale, Ishimskaya Luka, northern Kazakhstan 
(Filippovskaya eft a/., 1972). 
4 Dark green to brownish-green goldmanite, metamorphosed uranium-vanadium deposit in sandstone, Laguna 
ore district, New Mexico, USA (Moench and Meyrowitz, 1964). Anal. R. Meyrowitz. 


CN 


Dark green gem-quality Vanaaian grossular, C 


nopyraQaxene rf 


(Gubelin and Weibel, 1975) (includes Na2O 0:1). 
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Dark green vanadian grossular, quartz hornfels, USSR (Badalov, 1951). 
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7 8 9 10 11 12 13 
40°3 33-40 35°62 37°04 9°6 23:09 26:0 SiO, 
0:05 0°10 0°03 0°12 5:0 13-00 12°71 TiO, 
— — — — 29°9 12°8 40 ZrO; 
21°8 8°43 18°81 21-06 11:0 6°18 3:4 ALO; 
_ _ _ _ _— 0:04 _ Cr,0; 
0-75 _— _ _ _ _ _ V0; 
— 3°36 2°10 0°20 _ 0°03 — Y,0; 
— 20°69 2°63 1°8) 13-4 11°14 17°6 Fe,0, 
1:2* 3°32 16°01 28°87 0°8 — 2°8 FeO 
18:2 5°86 21°28 7°26 <0°1 0°06 0:4 MnO 
12°9 0°05 0:04 1:47 0°5 2°45 1:0 MgO 
53 24°79 1:52 2°17 29°8 30°60 31°6 CaO 
_ 0:05 011 0:00 <0°1 _— 0:2 H,0* 
100°56 100:23 99°79 100-00 101-00 99°44 ‘99-8’ Total 
1:757 1°86 1:813 — 1-94 1-92 1:92 n 
3°816 3°95 4:225 _— 3-94 3°85 3°81 D 
11°578 11°957 11-610 — 12°46 12°27 12°148 a(A) 
5-991] 5°63 5:98 5:98 1: 880) 4-007] 4: 500] Si 
0: 6°00 0736676°00 "0 0°01816°00 0: “ 00 2: ys 57 1°26416°00 0-69416:00 Al 
— — 1°14 0°729 0°8 Fe>* 
3-811] 1:3101 3-7 3-998] — — | — Al 
— — — _— — 0-005 — | Cr 
— 2°627 0:3 0°22 — 0:726 1-486 Fe** 
0-006, 391 oor 95 9. ‘oa 4 001s ?23 0-825. ons 169713 ° 15733 40 Ti 
_ —_— _ _ 2855, «1083 O°338 zr 
0-08 — = | — | — | — | = v 
2°859 0°013 0-010 0°354 0°14 0°634] 0-258} Mg 
0-149 0-468 2-249 3-909 0-950 — 0:405 Fe?* 
— 614 0°302+6°10 0:°1885°81* O-017-5°'64 — 0-003+5'34 — 16°58 Y 
2: 02 0 337], 3-027) 0°99. — 0- 0-059 Mn 
0°844 4°48i] 0°274 0-374 6°252 5-691 5-860 Ca 
— 5°3 36°2 69°2 — _— — Almandine 
— 66:0 4:2 5'8 8-2 53:4 76°8 Andradite 
— — — — 86 _— Ferrickimzeyite 
— — _ _— — — — Goldmanite 
12:2 971 _— 0:8 — _ 3°5 Grossular 
— — — — — — 1°3 Hydrogrossular 
— —_ 0°5 — = = — Hydroandradite 
— — — _— 68°8 39°8 11:3 Kimzeyite 
48°7 0-2 0:2 6:3 = 6°5 5:8 Pyrope 
— 0-2 _— _ 14:4 — — Schorlomite 
— — 29 _ _ — Skiagite 
36°8 14:1 §2°7 17°6 — _ 173 Spessartine 
— —_ — —_ _ 0-2 _ Uvarovite 
2°33 — _ _— —_— _— — Yamatoite 
— 5-1 3:3 0°3 _ —_ _ Yttrogarnet 
* Includes Yb 0-032, Er 0-014, Dy 0°006, Lu 0-006, Ho 0:002, Tm 0:002, Gd 0-001, Se 0-004. 
> Includes Nb** 0:10. 


7 Greenish blue (magenta in tungsten illumination) water-worn pebble, Umba River valley, Kenya (Jobbins et 
al., 1975) (includes ZnO 0:03, CuO 0-03). 
& Yttrian andradite, accessory in granitic pegmatite, Camp Fortune, southern Gatineau Park, Quebec, Canada 
(Kasowski and Hogarth, 1968). Anal, E. L. P. Mercy (includes Na20 0:16, K2O 0°02). 


® Rare-earth-bearing spessartine in feldspar rich zone of granitic negmatite, PyGrénmaa, Kangasala, SW 


INGIOTUGL UI UCI IIIB, Seoul Lt, 


Finland (Vorma et al., 
0- 12, Lu202 0- 11, Ho,0; 0°05, Tm20, 0°05, Gd2O,4 0:02, Sc204 0:03.) 
10 Yttrian almandine, garnet- - biotite- muscovite granofels, north of Idaho batholith, Idaho (Hietanen, 1969). 
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1966). (Includes Na2O 0:13, K20 0:05, Li2O 0°18, Yb203 0°63, Er203 0°27, Dy203 


i pegmaure, cyoronr 


Malgacasa, 


Anal. C. O. Ingamells. 
11 Kimzeyite (type specimen), with apatite, monticellite, calcite, perovskite, and magnetite, carbonatite, Magnet 
Cove, Arkansas (Milton et al., 1961). Anal. B. L. Ingram (includes Nb20s 1-0). 


12 Zirconian schorlomite, calc-silicate inclusion in the Radautai, Harz Mountains, Germany (Konitnig ef ai., 


1978). Anal. H. Résch (XRF) (includes Na20 0:05). 


13 Zirconian schorlomite, Iron Hill, Colorado (Dowty, 1971) 
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. Anal. M. Weibel (includes Na,O 0-3). 
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excess oxygen up to 30 kbar, and in the presence of excess water vapour and Oxy- 


weet tae are st; etal meow 


Ben up to 20 kbar showed that it is stable up to 1 137 + 5 °C at i alll in air, when 
it breaks down to pseudowollastonite and hematite (Fig. 292); the synthetic 
garnet has a 12°056 + 0:003 A, n 1°887 + 0:002. Under anhydrous conditions and 


excess oxygen, its upper stability limit increases with P at various rates to 1510°C 


at 30 kbar ‘(Huckenholz and Yoder, 1971). Under hydrous conditions and excess 
oxygen the upper stability increases to 1163 + 10 °C, 1:6 + 0°5 kbar, where an- 
dradite, pseudowollastonite, hematite, liquid and gas are in equilibrium. From 
that invariant point the maximum stability curve is essentially isothermal to 20 


kbar total pressure (Fig. 293). Suwa ef al. (1976) obtained a 100 per cent yield of 


andradite by appropriate heating of hydroandradite, ofa glass of andradite com- 
position and of a mixture of wollastonite and hematite, all in air at 1 atm; the afi- 
dradite prepared by dehydration of hydroandradite at 1100-1150°C for 10 hours 
had a 12:059 A. Kabbani et a/. (1971) synthesized andradite at 1020°C and | atm 


from CaSiO, + Fe,Q3. 


The low-temperature stability of andradite as a function of temperature, Xoo 
and Jo, at constant Pay id of 2 kbar was investigated by Taylor and Liou (1978). 
Experimental results show that the reaction 3 quartz + 3 calcite + 4 hematite + 
Y, magnetite + '/s O2 = andradite + 3CO), occurs at 550 + 10 °C at Xco, = 0°22, 


§96 + 8°C at Xeo, = 0°5, and 640 + 10°C at Xco, = 1:0. These data yield the stan- 


dard Gibbs free energy ‘of formation for andradite -1293°44 + |: 2 kcal/g.f.w. 
with enthalpy -1377°48 + 1:2 kcal/g.f.w. These resuits, with data on the 
stabilities of wortastonite, hedenbergite, clinozoisite, epidote and grossular, pro- 
vide T- X.9,-fo,-Payig Telations which limit the physicochemical conditions for 
Ca-Fe- AI-Si skarn formation. Compared with the stability of grossular in these 
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conditions, andradite is stable with fluids richer in CO, at a given P and 7 for all 


values of f,,. Shvedenkov and Kalinin (1972) found that the rate of synthesis of 
andradite at 500°C and 500 atm in solutions with 1°64 and 51 g/litre NaCl was, 
respectively, 140 and 1 000 times higher than in water (see also Kalinin, 1969). 

In investigation of the stability of andradite and related minerals in the system 


Ca-Fe- Si-O- H, Gustafson (1974) found that below 550°C a member of the 


andradite-hydroandradite solid solution occurs; see also Shoji (1974). At 2 kbar 
Payg ANdradite is stable above an f, of 107'S bar at 800°C and 10°? bar at 
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CaSiO,; Ca;Fe;’ Si,O,; CaFe;’ SiO. Fe,0; 
Wt. per cent Fe.O; 
Fig. 292. Temperature- composition piot for the join CaSiO; - Fe.0; at 1 atm. Fieids of Mi,,, Mi, 
+ Hem,,, and Hem, are schematic (after Huckenholz and Yoder, 1971). 
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Fig. 293. Pressure- temperature diagram for the Ca;Fe3 2Si;01 2 and CaFe3 3’SiO, compositions in 
the presence of excess H,O + O, at total pressures up to 20 kbar (after Huckenholz and Yoder, 1971). 
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400°C. The mineral pair andradite-hedenbergite limit the Jo, tange possible for 
their joint production under equilibrium conditions (Fig. 294); see also Kalinin 
(1967b). A similar study for the reaction andradite + quartz = hedenbergite + 


wollactanite + 140, in thic cvetem wac renorted hy Tin (1074) vielding recul 
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shown in Fig. 295a, b; see also Shoji (1977) and Helgeson ef a/. (1978). 

The thermal stability of members of the andradite-grossular solid solution 
series was investigated by Huckenholz et a/. (1974) at a total pressure of 1 atm in 
the join CaSiO;- Al,0;-Fe,0; at between 700 and 1500°C. Previous studies on 


thic ceriec had chown that ac f decreacec the aorocenlar camnonent increacec 
P2219 JID ALGAE OLE VV ba LEAKE OD J MUU LVaOwd, taaw &! wooulidas Ww WEEA pW eawda AMINA OOWVD 


(Liou, 1973); at a fluid pressure of 3 kbar, grandite crystals form as a metastable 
phase within the epidote fieid and the Jo,7 T-P surface for the univariant reac- 
tion epidote = grandite + anorthite + hematite + quartz + fluid is shown in Fig. 
296. In the andradite- grossular series Kalinin and Deniskina (1967) found ex- 


nerimontally that the nranoartiann af the andradite molecule denended an the nu 
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of the medipm, an andradite-rich garnet indicating alkaline solutions. Using 
aqueous chloride solutions, Perchuk and Aranovich (1979) followed the reaction 
andradite + AICI; = FeCl; + grossular at pH 3 (500°C, 1 kbar and 580°C, 2 kbar) 
and concluded that the garnet in the andradite- grossular series was an ideal solid 


solution 
OwsALELIVil. 


In a study of the experimental alteration of andradite, hedenbergite and diop- 


teac 
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hedenbergite 





300 400 500 600 700 800 900 1000 


Temperature ( °C) 
Fig. 294. Projections of log fo,- 7 stability range of pure andradite and pure hedenbergite at 2 000 
bar fluid pressure. The shaded region between the two univariant curves indicates the fo,- T range 
where these two phases can coexist (after Gustafson, 1974). 


side at 300-800°C and 200-2000 atm, in solutions with a wide range of pH 
values, Chao and Tsao (1975), using the andradite of Table 59, anal. 6, found 
that hedenbergite was the least stable and andradite the most stable. Andradite 
forms a complete solid solution series with uvarovite below 1 137 + 5 °C at 1 atm 
total pressure (Huckenholz and Knittel, 1976); the thermal stability of andradite 
is increased by incorporation of the Ca3Cr2Siz012 component by a maximum 
value of 248 °C. In this system, andradite bulk composition starts to melt at 1 265 
+ 5°C. The synthesis of the scandium analogue of andradite has been reported 
(Ito and Frondel, 1968b). 

The site preference of Fe** and Ti** in the garnet structure have been the sub- 
ject of much uncertainty (see p. 622). Ito and Frondel (1967a) synthesized 
schorlomite of composition Ca;Ti,Fe,SiO,, and compositions intermediate be- 
tween that and Ca;Fe,Si;0,2, but were unable to synthesize Ca3TizTiFe,O;2. The 
join andradite (3CaO.Fe20;3.3SiO2)- Ti-garnet (3CaO.Fe,03.3TiO2) was in 
vestigated by Huckenholz (1969) and Huckenholz and Yoder (1971), who found 
that the maximum solid solution of 3CaO.Fe203.3TiO> in the stable garnet was 
54°5 wt. per cent at 1137°C. These authors implicitly assumed that the Ti** was 
replacing Si** in the tetrahedral position. Recently, however, Méssbauer spectra 
have demonstrated unambiguously that Fe?* occurs in both octahedral and 
tetrahedral sites in these synthetic garnets (Virgo and Huckenholz, 1974) and a 
plot of Si**, Fe**, Ti** site occupancy for six synthetic titanian garnets showed 
that the Ti** is mainly in octahedral sites with Fe>* in tetrahedral sites. From a 
more detailed study, Huggins ef al. (1977a) using synthetic garnets have shown 
that the distribution of Al, Fe** and Ti‘t between the sites approaches 
equilibrium only at temperatures in excess of 1200°C over a period of weeks; it 
appears, however, that the relative preference for the tetrahedral site must be in 
the order Al > Fe >Ti. The intrinsic oxygen fugacities of six natural melanites and 
schorlomites were determined by Virgo et al. (1976); they are very low and plot in 
a restricted field confined between the Fe- ilmenite-rutile and Fe- wistite buffer 
curves ina log fo, - 1/T diagram. 
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Fig. 295. (a) Log fo, - T diagram for the andradite + quartz bulk composition (Ca;Fe,Sis;0,¢) + ex- 
cess H,O at 2 000 bar PF, ,,. (bd). Preia~ T diagram for the reaction: andradite + quartz = hedenbergite 
+ wollastonite + 20, at oxygen fugacities defined by the QFM and NNO buffers (after Liou, 1974). 


Colour. The colour of andradite is very variable, ranging from black to red, 
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tion. The colour appears to be related to the content of both Ti and Mn: the 
lighter brown or green crystals contain little of either and may be mistaken for 
grossular. Melanite and schorlomite, the titanium-rich varieties, are very dark 
brown to black; the former takes its name from this dark appearance, while the 


latter j 1c named for tte ciamilarity ta echorl oar black tourmaline Andradite fram 
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the Junnila mines, California, occurs as small light green, brown, or nearly black 
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Fig. 296. P,.,,- T diagram for the reaction: epidote (Ps 33) = grandite,, + anorthite + FeO, + quartz 
+ fluid at the oxygen fugacities defined by the hematite - magnetite buffer (after Liou, 1973). 
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perce 
were: green 0°04, light brown 0-07, brown 0°14, and dar wn (nearly black) 
2:36 (Dunn, 1977). The transparent green variety of andredite is known as 
demantoid (Table 59, anals. 1, 5, 10); some demantoids contain minor amounts 
of chromium and the colour has been ascribed to the presence of cr (Schmetzer 
et al., 1975). The infrared spectrum of demantoid was given by Sviridov and 
Sviridova (1972). The infrared absorption of a green garnet (And.7Gro33) was 
studied by Franchini Angela and Ferraris (1970a) who found that the infrared fre- 
quencies in this series show a linear variation against composition. Other work on 
the infrared spectra of andradites includes that of Tarte (1960a, b, 1965), _ Howie 


em nbhins 


and Woolley (1968), Moore and White ( (197 1), Franchini Angela and Ferrar is 
(1970b), and Kusachi e¢ a/. (1975), on the titanian andradites. The optical absorp- 
tion spectra of andradites were studied by Manning (1967b, 1969), Manning and 
Harris (1970) and Huggins et al. (1977b). Topazolite is a honey-yellow variety 


(Table 59, anal. 1), a brown massive variety from Zermatt has been called 
allochroite, and the name polyadelphite has been applied toa manganiferous 
variety of andradite with a yellowish brown to liver-brown colour. 

The physical properties of andradite are discussed in the general garnet section 


(p. 484). 


Paragenesis 


The typical occurrence of andradite is in contact or thermaily metamorphosed 
impure calcareous sediments and particularly in the metasomatic skarn deposits 
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often associated with such metamorphism. This involves the introduction of 
Fe,0; and SiO: 

3CaCO3+ Fe,0; 38SiO, > Ca3Fe,Si;0;2 + 3CO, 

calcite andradite 


A 
TT 


It can be shown that in cases where the geological evidence indicates that no 
volume change is involved, in addition to CO, some CaO is also removed in this 
process. If FeO also is introduced hedenbergite may form in addition to an- 
dradite, while if insufficient silica is present magnetite may form: 


2Fe.0; + 2FeO + 5SiO, + 4CaCO; ~ Ca;3Fe2Si30)2 + CaFeSi20c6 + Fe3;0, + 
4CO, 


giving the typical andradite-hedenbergite- magnetite skarn assemblage. For 
SiOz : Fe203 < 3 hematite may be formed in addition to andradite, while for 
SiO, : Fe20; > 3 wollastonite and andradite are produced. The temperature to 
which birefringent varieties of andradite have to be heated for them to lose their 
birefringence has been used as an indication of the temperature of their 
crystallization (Merwin, 1915; Allen and Fahey, 1957). Andradite also occurs as 
the result of metasomatism connected with the thermal metamorphism of calcic 
igneous rocks such as andesite (Table 5 59, anals. 16 and 22); a detailed discussion 
of such an occurrence has been given by Firman (1957); see also frontispiece. 
Similarly andradite has been described from calcite vesicles in an altered spilitic 
breccia at the base of a pillow-lava sequence in Turkey (Even et a/., 1973). 
Andradite, in coexistence with almandine, in the Glen Lui aegirine granulites 
of Aberdeenshire (McLachlan, 1951), due to localized sodium metasomatism of 
almandine schists, contains 1°88 per cent TiO2. Numerous analyses of andradites 
from skarns are included in Table 59 (anals. 3, 8, 12, 15, 17, 19, 20, 24), and the 
formation of garnet skarns has been discussed by Tsusue (1961), Burt (1972), 


Zolotukhin (1964), and by Reverdatto (1973). As has been shown from ex- 
per imental work (Gustafson, 1974), andradite has a very wide fo, -T range in the 
Ca-Fe-Si-O-H system and the occurrence of andradite alone is not indicative 
of a particular environment (other than that it would not have formed in 
moderately reducing conditions). The coexistence of andradite + hedenbergite, 
however, would limit the oxygen fugacity at the time of formation (Fig. 294, 
p. 634) and the andradite + hedenbergite + quartz assemblage has an even nar- 
rower range of f, . Most andradites contain appreciable Al,Os, i.e. the grossular 
component, and the stability range of andradites in natural Ca~Si-Fe- Al skarns 
has been discussed by Taylor and Liou (1978); relative to the stability field of 


grossular in C-O-H fluids (Gordon and Greenwood, 1971), andradite is stable 
with fluids richer in CO, at a given T and P for all values of f, . Ina fluid rich in 
H20 and relatively free from CO2, andradite is restricted to < “400°C. Andradites 
in skarns are often zoned, as revealed by electron microprobe traverse (e.g. anals. 
8 and 24) or by the successive zones showing varying degrees of anisotropism, e.g. 
the oscillatory zoned andradite from a hydrothermal vein near the contact with 
porphyrite at Crested Butte, Colorado (Lessing and Standish, 1973); see also 
p. 495. The zonal fluctuation may be explained by cyclical variations in the com- 
position of the hydrothermal solutions or by a change in the range of oxygen 
fugacity. In contact metasomatized limestone septa within mafic plutonic rocks 


diopside, vesuvianite, calcite and clintonite whereas more grossular- rich garnets 
(to An, oGr0g9o) are found with fassaite (Shedlock and Essene, 1979). 
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The occurrence of andradite (AndgoGro,;;Alm3Sp.) in the same rock as 
grossular (And24Gros;Alm,4Sps) has been recorded by White (1959) from 
scapolite-bearing calc-silicate rocks at Milendella, South Australia; White con- 
sidered that either the two phases belong to the same paragenesis and could be in 
equilibrium, or they belong to two different parageneses both of which are secon- 
dary; however, no evidence of disequilibrium was present. The pyrox- 
ene- garnet- plagioclase hornfels produced by the thermal metamorphism of 
calcareous sediments by the Flamanville granite, northwest France, also contains 
both andradite (And.3;Gro37) and grossular (And4;Gros9) (Nockolds and Scoon, 
1965). 

The tin-bearing andradites described by El Sharkawi and Dearman (1966) and 
Mulligan and Jambor (1968) are from skarns but contain less than | per cent 
SnOQ, (see also Hosking, 1970); those from Davib Ost, South West Africa, con- 
tain up to 5°8 per cent SnO, and are believed to have formed from grossular in 
metasediments as a result of pneumatolytic activity associated with nearby 
granite pegmatites (McIver and Mihalik, 1975). The stannian andradites from 
Pitkaranta, Finland (Saksela, 1951; Hellwege, 1956) occur in a cassiterite- 
polymetallic deposit, whereas that from the Krusné Hory Mts, Czechoslovakia, 
was found in a skarn associated with the Ni- Co- Bi deposit at the Plavno mine 
(Dadak and Novak, 1965). Yellow-green andradite with SnO, 0°76 per cent has 
been described from the Tsumo mine, Japan (Shimizaki, 1968). 

The demantoid and topazolite varieties of andradite occur mainly in serpen- 
tinite and chlorite schist (e.g. Table 59, anals. 5, 7, 10, 11); see also Strunz (1960). 


One of the best known localities is at Val Malenco (anal. 5), 130 km north of 
Milan, where demantoid is associated with taic and chrysotile asbestos (Bedogné 
and Pagano, 1972; Amthauer ef a/., 1974). A similar paragenesis has been record- 
ed from the Totalp serpentinite (anal. 10), near Davos, where demantoid is found 


associated with magnetite, vesuvianite, chrysotile and calcite in fissures related to 


the final phase of regional alpine metamorphism (Peters, 1963). Demantoid in 
fissures in serpentinite also occurs in the western Carpathians (anal. 11) where the 
colour ranges from emerald-green (Cr2O; 3°12 %) to yellow-green (Cr2O; 1°26%) 
to light brown (Cr.O; 0°40%); the paragenesis is again with chrysotile and 
magnetite and also includes relics of pyroxene (Fediukova et al., 1976). Emerald- 
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green andradite (demantoid) has been found in the gold placers of Nischne 
Tagilsk in the Urals; it has Cr2O; 0°77; TiO2 0:05, Fe2O; 29°9 per cent but a range 
of colours and properties are reported (Rost ef a/., 1979) with Cr,0; 0:21-3:90 
per cent and TiO, 0°02-0°102 per cent. 


In igneous rocks any andradite is generally a titanian varie y but 8 modal per 


SRW SION HEE Hayes MH eeew 4G waswe aay Meus OU Ase 


cent andradite (TiO, 0: 52%) has been reported from a granitic pegmatite cutting 
Archaean skarns in the Aidan shield (Belyayev, 1968). An yttrian andradite 
(Table 61, anal. 8) has been described from granite pegmatites northwest of Ot- 
tawa (Kasowski and Hogarth, 1968), in which it is virtually the only rare-earth- 
bearing p phase. An andradite with only 0°84 per cent TiO, (Table 59, anal. 21) 
occurs in nepheline-syenite in Korea (Miyashiro, 1959) and an yttrian andradite 
(Y 203 6°66%) was described from a nepheline-syenite at Stocko, southern Nor- 
way (Brogger, 1890). Andradites are found associated with melilite in carbonatite 
of the Oka complex, Quebec (Watkinson, 1972) and in the amphibole- bearing 


varieties of the Blue Mountain nepheline-bearing alkaline gneiss complex of the 


arieties heline-bearing alkalin e gneiss cor 
Grenville province, Ontario (Duke and Edgar, 1977). Andradite crystals of 
fumarolitic origin were developed on the fracture surfaces after the solidification 
of a trachy-pantelleritic dome-flow of the Fant’Ale volcano, Ethiopia (Varet, 
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1969), and are considered to have formed from the alteration of clinopyroxene 
(Varet, 1970). Although the thermally metamorphosed and metasomatized 
calcareous xenoliths in the Santorini lavas contain melanite, a garnetite occurring 


locally in phyllitic schists exposed by the Santorini caldera consists of euhedral 


z7Oned andradite noaor in TIO, and ranging fram almact nure andradite 
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(And,7Alm.Sp,) to andradite-grossular (And.,3;Gro3;Alm3Sp,) in composition; 
Murad (1976) tentatively attributed the formation of this garnet essentially to the 
breakdown of iron-rich clinopyroxene in the schists, the zoning being due to fluc- 
tuations in the composition of the circulating fumarolic fluids. Fairly pure an- 


dradit te has haan deecrihed in association with chlorite in a 9D cm nocket in 
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peridotite (Uchida, 1962) and has been recorded with magnetite as crystals (< 1 
mm) on joints in aggiomerate in the Ballycastle area of Northern Ireland (Wiison 
and Robbie, 1966). 

Almost pure andradite (Table 59, anal. 4) as well as intermediate members of 
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metamorphosed basic igneous rocks of southern New Zealand (Coombs et al., 
1977); coexisting phases include iron-rich epidote, pumpellyite, prehnite, ac- 
tinolite and chlorite. Conditions of formation involved temperatures < 
300-400°C at pressures up to a few kilobars. In the Victoria Range of South 


Teland New Zealand Tiullach (1070) hae found that the garnet cramnnctinne are 
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relatively uniform, averaging approximately And;sGro3;Hydgro7Py,Sp,. Thus 
whereas at medium to high grades of metamorphism andradite and andradite- 
grossular are characteristic of skarns generally with a relatively high concentra- 
tion of CO2, at very low grades they are found in mafic volcanic rocks and 
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CO.2/H20 ratio was low. This is in agreement with the experimental work of 
Gustafson (1974) and Liou (1974). 

A rough correlation exists between the oxidation state of grandite-bearing 
rocks, as expressed by the Fe**/(Fe** + Fe?*) atomic ratio, and the mol. per cent 
andradite in the associated garnet (Huckenholz and Yoder, 1971); thus the higher 
oxidation state of skarns, alpine serpentinites, and some alkaline igneous rocks 
produces andradite-rich garnets whereas in amphibolites, blueschists, granulite- 
facies rocks, etc. the small amount of andradite component is relatively insen- 
sitive to the oxidation state. 
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with hibonite (Allan e¢ a/., 1978), in an inclusion in the Allende chondrite, and 
from the assignment of bands in supernova spectra, it has been suggested that an- 
dradite, with appreciable amounts of Fe** and possibly Al>* in Si** sites, is to be 
found in interstellar dust (Manning, 1970). 


Titanian garnets. The melanite and schorlomite varieties of andradite typically 
occur in an entirely different paragenesis from low-Ti andradite, being found 
principally in alkaline igneous rocks such as nepheline-syenite (Table 60, anals. 5, 
6,7, 11, 24) and related rock types, including ijolite (anal. 8), melteigite (anal. 20, 
21), phonolite (anal. 18; see also B Baranyi, 1977) and malignite (anal. 4). Some of 
the andradites containing only moderate amounts of TiO, are found in skarns 
(Table 60, anal. 1) or in serpentinites (anals. 2, 3, 13, 16, 17). Melanite (anal. 9) 
has also been found in a melilite- wollastonite inclusion in dacitic lava of the San- 
torini volcano; here the titanian andradite is considered to be a secondary phase 


formed at lower t temperature and/or higher tI relative to the primary assemblage 
melilite- wollastonite- magnetite (Nicholls, 1971). Titanian andradite (1°87% 
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TiO) occurs in joints and geodes in trachyte at Menoyre, Cantal, France (Varet, 
1967), and melanite (Table 60, anal. 15) is reported in carbonatitic volcanic ash 
from Oldoinyo Lengai, Tanzania (Huggins ef al., 1977b). Melanite (11 and 
14:92% TiO.) has also been found in the unique assemblage of high-temperature 


metamorphic minerals of the Hatrurim formation, Israel, where phases cor- 
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responding with the pyroxene hornfels facies have been produced from a normal 
marine sequence of sediments, perhaps by the ignition of bitumen (Gross, 1977; 
Matthews and Kolodny, 1978). 

The schorlomite variety (in which Ti > Fe** in the octahedral position) is found 
mainly in alkaline igneous rocks such as nepheline-syenites and related types 


asataa 


(Table 60, anals. 20, "21, 22, 24). Magnet Cove, Arkansas, is the original locality 
for schorlomite (Koenig, 1886); the alkaline rocks of this area and their titanian 
garnets have been described by Erickson and Blade (1963) and Howie and 
Woolley (1968). Schorlomite from a fenite in the Rainy Creek mafic alkaline com- 


plex, Montana, was reported by Boettcher (1967). The name iivaarite was used 


plex, Montan was reported by Boettcher 1967). The name iivaari 
for a schorlomite from the livaara alkaline complex (Lehijarvi, 1960). The 
jivaara garnet may show colour zoning, the variation in the amount of TiO, 
amounting to about 10 per cent of the total TiO, content; this variation involves 
the substitution of Fe®* for Ti (Lehijarvi, 1967), ‘Zirconian schorlomite’ was 
described from two carbonatite complexes in the USSR by Borodin and Bykova 
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(1963), in which both TiO, and ZrO, amount to more than 10 per cent; see also 


Biswas (1975). 

The schorlomite of anal. 23 (Table 60), occurs in a_ schorlo- 
mite-wollastonite-titanaugite assemblage in a pyroxenite in Ardnamurchan, 
Scotland. From Japan, schorlomite (TiO, 14°92 - 16°73%) has been reported as a 


WRN, Baked Hp aky GUA n Bren eae a IMS 


minor component in spurrite skarns at Fuka, near Bitchu, Okayama Prefecture, 
where it is associated with wollastonite, grossular, gehlenite, spurrite, feldspars 
and pyroxenes (Kusachi et a/., 1975). A schorlomitic garnet (TiO2 15°29%) has 
been described from an alkali pyroxenite nodule from Oldoinyo Lengai volcano, 
Tanzania, where tiny (@ 10 um) crystals occur embedded in melilite associated 
with diopside, perovskite, apatite and nepheline (Donaldson and Dawson, 1978). 
Ail the andradites analysed from the trachytes (anal. 10), anaicite phonolites, and 
blairmorites of the Crownest volcanic formation, Alberta, are thorough-going 
titanian andradites (TiO, 3°12-9°43%; Ferguson and Edgar, 1978). 


Rare grains of schorlomite (TiO, 27°38%) associated with the leucoxenic 
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alteration of ilmenite in the Morotu syenite, Sakhalin, have been attributed to a 
very late stage reaction involving ilmenite and the anorthite component in 
feldspar plus liquid and gas to give Ti-garnet, analcite, Fe-chlorite, and rutile 
(Grapes ef al., 1979). 


Melanites have also been reported from the Alno alkaline complex (Ecker- 
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mann, 1974), the alkali syenites 0 of the Shonkin Sag laccolith, Montana (Nash and 
Wilkinson, 1970), the ‘pseudoleucite’ rocks of the Murun syenitic complex, 
Siberia (Rogova, 1966), and from the Oka alkaline complex, Quebec (Gold, 1966; 
Watkinson, 1972). Melanite from the Amba Dongar carbonatite, Gujarat State, 


India. has been described by Sukheswala et a/. (1965) and a melanite with 8°65 per 
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cent TiO, has been reported from a carbonatite in the High Atlas of Morocco 
(Agard, 1960; Howie and Woolley, 1968). Melanite was described from a 
phonolite in Toppo S. Paolo, Vulture, Italy (De Fino and Justin-Visentin, 1968), 
and from a microsyenite at Tabatanat, Mauretania (Rocci, 1960), where the 
melanite with 4:00 per cent TiO, occurs with aegirine-augite. 


The occurrence of melanite in skarns has been reported from Spain (Arana, 
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1973), and the melanite (Table 60, anal. 17) from Dirbat Well, Sudan, is 
associated with grossular, vesuvianite and diopside in skarn around a norite in- 
truded into calcareous sediments (Ruxton, 1956). 

The assimilation of limestone during the intrusion of an olivine basalt in the 


Tokatoka area of New Zealand resulted in the nartial resorntion of early-formed 
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igneous minerals and the Precipitation of schorlomite (TiO, 14°68%) in associa- 


tion with salite, wollastonite and calcite (Baker and Black, T98Q). 


Goldmanite. This vanadian analogue of andradite or grossular is typically 


found in vanadium-bearino sediments or their metamorphosed equivalents. The 


aUsans 2H Vwrssssawase aWwah s4UCGhE 


type material (Table 61, anal. 4) occurs in a small uranium- vanadium deposit in 
sandstone close to the base of a thick diabase sili near Laguna, New Mexico 
(Moench and Meyrowitz, 1964). Goldmanite with V.O; 26°33 per cent has been 
described from a Lower Cambrian black shale in China (Wang ef a/., 1974) and 


the occurrence in northern Kazakhstan (anal. 3) is from a Cambrian shale rich in 


both silica and organic matter (Filippovskaya ef a/., 1972). The vanadian 
grossular (Tabie 61, anai. 5) described by Badalov (1951) was reported to occur at 
the contact between quartz veins and black vanadiferous quartz- graphite horn- 


fels. The emerald-green goldmanite (anal. 2) from the Tashelginskaya deposits in 


western Siberia, however, is found in a magnetite-bearing skarn deposit between 


marble and amphibolite (Shepel’ and Karpenko, 1970); see also Karev (1974). 
The colour-change vanadian garnets from East Africa (Tabie 61, anais. 6, 7) 

are reported to occur in a graphitic pyroxene-serpentine rock (Gubelin and 

Weibel, 1975). Kelyphitic rims of garnet have been recorded around cores of 


garnet and blue zoisite from Lualenyi mine, Kenya; the green garnet rims have a 


composition goldmanite;7.¢_ 54.5 grossularg2.4-45.5 mol percent (Suwa ef al., 
The manganoan goldmanite (Table 61, anal. 1) from Yamato mine, Japan, oc- 
curs with other rare vanadian species (roscoelite and haradaite) in the marginal 


portion of a manganese deposit developed in Palaeozoic black shale, chert and 


diabase (Momoi, 1964). 


Kimzeyite. The type occurrence of the zirconian garnet kimzeyite (Table 61, 
anal. 11) is in the carbonatite of Magnet Cove, Arkansas (Milton ef a/., 1961); it 


has also been found in a shoshonitic basalt from Stromboli (Munno ef al., 1980) 
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Other varieties of andradite containing appreciable amounts of the kimzeyite 
moilecuie have been reported but aiso appear to be restricted to a carbonatite 
paragenesis; e.g. the zirconian andradites from the Iron Hill carbonatite, Col- 


orado (anal. 13), and zirconian schorlomite from carbonatites in the USSR 
(Rorodin and Rvkova_ 1963). The zirconian andradite (Table 61. anal. 12) from 
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the Harz Mountains occurs in a calc-silicate inclusion i in the Radautal gabbro. 
Zirconium-rich titanian garnets have been recorded in an olivine - phiogopite- 
perovskite - spinel - carbonate lamprophyre dyke of Proterozoic Keweenawan age 
intruding an Archaean greenstone belt near Marathon, northwestern Ontario 
(Platt and Mitchell. 1979). 
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Garnet Group 


| 
| Uvarovite Ca;Cr.[Si;0.2] 

















Chemical analyses of uvarovite garnets are given in Table 62, the garnet of anal. 
1, with 91:2 mol. per cent of the uvarovite molecule, being the richest in 
chromium recorded. Uvarovite is a member of the ugrandite series and it can be 
seen from Table 62 that it is chiefly the grossular molecule, with smaller amounts 
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of andradite, which enters into solid solution with the uvarovite molecule; only i in 
the material of anal. 8 is there more than 10 per cent of the andradite moiecuie. 
There is also a tendency for Mg to accompany Cr and anals. 6 and 9 show ap- 
preciable amounts of the pyrope molecule (with the addition of the knorringite 
molecule, Mg;Cr2Si,;0,2 in uvarovite of anal. 6). Analyses 10-12 represent the 
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chrome-pyrope trend, although for these three uvarovites, the grossular molecule 
remains an important constituent. 

Because of solid solution between uvarovite and grossular many green garnets 
are mistakenly termed uvarovites when they are in reality chromian grossulars 
(e.g. Table 58, anals. 10, 11, 15, 19). For green garnets from eight Canadian oc- 
currences, Dunn (1978) found that six of the localities yielded chromian grossular 
and in only two was uvarovite sensu stricto proved (e.g. Table 62, anal. 3). In 
anal. 12, although Cr,O; is only 11°3 per cent uvarovite is the dominant 
molecule: the complete range of Cr,O; contents from this garnet to the chrome- 
pyropes is shown by 33 analysed garnets reported by Sobolev ef a/. (1973), see 


also Clarke and Carswell (1977). A green chromium- rich garnet from near Hanlé 
monastery in Kashmir was earlier reported to contain Cr20; 33°5 per cent with no 
CaO recorded, and Fermor (1952) proposed the name hanléite for the garnet 
molecule (Mg,Fe)3Cr2Si;0;2; later analysis showed only 27:26 per cent Cr.0; 
and demonstrated that this specimen was a uvarovite (Sastri, 1963). 
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Experimental Work 


Uvarovite was synthesized by Hummel (1950) who heated a mixture of 3CaO + 
Cr,0; + 38102 at 855°C for 15 hours; at 1490°C it decomposed to 
pseudowollastonite and Cr20;. Likewise Jagitsch (1956) prepared artificial 
uvarovite from the powdered component oxides by heating to 525°C at 110 atm 
while Coes (1955) reported that the best conditions for its formation from 
wollastonite, Cr(OH); and CrCl;, were 900°C and 20000 atm. In the system 


tha 
CaO-Cr, 20;-SiO:, investigated b oy Glasser and Osborn (1958), t tne temperature 


at which Ca;Cr2Si;O), (uvarovite), Cr203; and CaSiO; coexist was found to be 
1370°C. Similarly Geller and Miller (1959a) found that the largest amount of the 
garnet phase was produced by heating the pressed mixture of reactants (3CaO + 
Cr20; + 3SiO2) at 1400°C for two hours: the additional phases were CaSiO; and 


Cr2O; (see also Glasser, 1959). Samples heated at 1200 °C for up to 192 hours gave 


only small proportions of uvarovite. Using a mixture of CaSiO; and Cr20; 


several times heated and cooled in the range 780°- 1200°C, Arnould et al. (1969) 
were able to detect uvarovite at 800°C and reported that it exceeded the reactants 
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at 870°C; see also Pyatikop and Karyakin (1969) who obtained uvarovite after 


two hours at 1400°C. Segnit (1965) reported icositetrahedra up to 20 um in a tile 
glaze, 1 per cent Cr,O; having been added to the bottle glass and clay of the basic 
glaze to impart a green colour. In dry experimental runs Isaacs (1965) reported a 
solid solution between uvarovite and grossular but not between uvarovite and an- 


dradite, though in hydrothermal runs solid solution was obtained with both 
grossular and andradite. Later, Huckenholz and Knittel (1976) showed that 
uvarovite forms a complete solid solution series with andradite below 1 137 + 
5 °C at 1 atm total pressure (see p. 634). 
Detailed work on the stability of uvarovite-grossular has shov ha 

complete solid solution series ‘below 855 + 5°C at a total 

(Huckenhoiz and  Knittel, 1975). Pure  uvarovite decomposes to 
pseudowollastonite + eskolaite (Cr2O3) at 1385 + 10°C. The incorporation of 
about 5 wt. per cent of the Ca3;Al,Si;0,2 component in the uvarovite structure 
raises the thermal stability of the garnet to 1410 + 5 °C, and uvarovitegs- 


grossulars melts incongruently to pseudowollastonite, coreskolaite,., (Al,Cr) 203, 
and liquid (Fig. 297). The unit-cell dimension for uvarovite is 11°996A and the 
refractive index 1°865; the substitution of Cr by Al decreases a and nm almost 
linearly towards the grossular end-member. Huckenholz and Knittel (1975) sug- 
gest that complex coupled substitution of Ca + Mg and Cr = Al might be possi- 
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ble for pressures above 21 kbar and temperatures below 1400 °C. On the 


pyrope- grossular-knorringite-uvarovite join in the system MgSiO;3- 
CaSiO;- Al,03;-Cr.2O3, knorringite is not a stable phase at 1200°C and 30 kbar 
and Pyrope- grossular-uvarovite solid solution incorporates only very limited 

ts of the Mg;Cr.Si,;0;2. component (Malinovskii et al., 1974); indeed later 
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Table 62. Uvarovite Analyses 












































1 2 3 4 5 6 
SiO, 36°79 35°88 36°25 37°31 36°67 32°44 
TiO, _— _ 1:07 _— 1-81 0:07 
Al,O; 1°93 1:13 3°76 5°34 6°70 8-90 
Cr,0; 27°54 27°04 22°57 22°60 18°36 21°96 
Fe,0; 0°41 2°46 1:03 0°30 0°84 1:33 
FeO _ _— _ _ _ 0°54 
MnO _ 0:03 0°80 0-15 _ 0:05 
MgO 0°50 0-04 0°34 0°25 0°18 13-02 
CaO 32°74 33°31 34°28 34°25 35°22 18°82 
ign. ioss _— 0-18 —_— oid _— 0°16 
Total 99°91 100-07 100°10 100°30 99°78 100°17 
n 1-85167 1°8467* 1°83 1-821-1:829 — 1-835 
D 3°772 3°75 — 3-809 _— — 
a(A) — — 11-97 11-922 _ 11°93 
Numbers of ions on the basis of 24 O 
Si 6:047 |. 59611, 5°928|,... 6:028 | $912]... 5221], 
Al —_ 0:039] ~~ 0:072) °° — 0:088 | ° *~ 0:779 | °*™ 
Al 0:374) 0°182] 0-653] 1-017] 1185] 0:909) 
Cr 3'578 | ,. 3°552 2°918 2°887 2°340 2°794 
Fe?* 0-051 4 00 0-308 {4-04 0:127 +383 0-036 +394 0-102 F385 0-161 L387 
Ti — —_ 0-132 | — | 0°219 0-008 | 
Mg 0°122) 0-010) 0-083 ] 0-060 | 0.0434 3-123 
Fe” 5°89 a,b 5:94 a + 6-20 a } 6°01 _ [613 0°073 L645 
Mn — 0:004 O-111 0°021 _— 0:007 
Ca 5-766 | 5-930 | 6-007 | 5-930 | 6-084 | 3-245 | 
Mol. per cent end-members 
Almandine — _— — — _— — 
Andradite 1°3 78 3°4 0-9 27 — 
Grossular 5°4 2°4 15°8 24°4 33°5 —_ 
Hydrogrossular — _— — _ — — 
Knorringite _ _ _ _ _ 18°1 
Pyrope 21 0-2 1°5 1:0 08 19°7 
Schorlomite _— — _— — _ — 
Spessartine _— oi 1:9 0-3 — — 
Uvarovite 91:2 89°6 77:4 73:3 63-0 62:2 


+ For green light. 
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Uvarovite, uvarovite- tremolite- tawmawite- pyrrhotite vein, Outokumpu, Finland (Eskola, 1933). Anal. 
Lokka. 

Green uvarovite, South Ham, Wolfe County, Quebec (Dunn, 1978). 

Uvarovite, diopside - tremolite skarn, Outokumpu, Finland (Knorring, 1951). Anal. O. von Knorring. 
Uvarovite, prehnite - uvarovite pebble, Buso River, Kui, Morobe Province, eastern Papua New Guinea 
(Nixon, 1979). 

Parrot green uvarovite, kammererite - uvarovite vein in chromite ore, Kalrangi mines, Orissa, India 
(Chakraborty, 1968). Anai. B. P. Gupta (includes NiO 0-06, Na,0 0:06, K,0 0°01, H,0™ 2°75). 
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7 8 9 10 11 12 
38°40 36°77 36°02 38°02 38°65 38°7 SiO, 
— — 0°68 0-40 0°52 0-31 TiO, 
10°77 8°36 9°70 10°49 12-20 13:3 Al,O; 
14°97 13°72 13°76 14°04 12°76 11-3 Cr,0; 
1:89 5°85* 3°16 2°75 1°87 — Fe,0, 
_— — 2°16 3°16 3°51 4°56 FeO 
_ 0:22 _— 0°37 0°35 0°34 MnO 
0:48 0:27 3°24 6°61 8-88 7°34 MgO 
33-08 34°56 29°35 23°86 21:07 23°9 CaO 
0°40 _ 0°90 _ _ _— Ign.loss 
59°99 99°75 99°69 99°64 99°81 99°75 Total 
1:798-1:°804 — 1°787 — — — n 
3°712 — 3°65 — — — D 
11-928 = 11-8959 _— — — a(A) 
6-000 | 5923 |, 5°695 | pan 59451 ny 5939 Lp oy 5:966 1 op Si 
— | 0:077 J ~ ~~ 0305] ° ~~ 0:055] ° °™~ 0:061 ] ~~ 0°:034 | ~*~ Al 
1-983 ] 1: 510 | 1°503] 1: 878 ] 2: 149] 2° 383 | Al 
1-849 L405 1:747 te" 1:720 368 1:736 > 99 1°550 > gg 1:377 L380 Cr 
0°222 0:709 0°376 0-324 0-216 — Fe** 
— _ 0-081] 0-047] 0-060 0-036 | Ti 
0-112 | 0-065 | 0-764) 1-540 | 2033 | 1-686 | Mg 
=| ses Gayo 606 OL oon 2A san Ion C8 loa My 
5°538 | 5-965 | 4-973 | 3-998 | 3-469 | 3-948 | Ca 
— — 20 67 70 0-2 Almandine 
5:9 18:0 96 714 5°0 —_ Andradite 
41:0 36°2 26'7 15°2 13-7 33°1 Grossular 
2:0 — 46 —_— —_— — Hydrogrossuiar 
—_ — — _ — — Knorringite 
2:0 1-1 13-0 25°7 34°] 29°6 Pyrope 
_ _— _ 0-7 0:4 — Schorlomite 
_— 0°5 — 0°8 0-8 os Spessartine 
49°} 44:2 44:1 43°5 39:0 36°3 Uvarovite 
7 Uvarovite, pyrrhotite - diopside ore, Luikonlahti, Finland (Knorring, 1951). Anal. O. von Knorring. 
8 Uvarovite, quartz-albite-prehnite-uvarovite- pyrrhotite, contact zone with nordmarkite, Kalkovnen, Grua, 
N. of Oslo, Norway (Prestvik, 1974). Microprobe anal. 
9 Uvarovite, quartz- mica- oligoclase- uvarovite- diopside schist, Plaas Witkop, 507 IT, Piet Retief district, 
Transvaal, South Africa. (Coetzee, 1963). Anal. C. E. G. Schutte (includes KO 0°40, H2O™ 0°32). 
10 Uvarovite, kimberlite pipe, Newlands, 60 km NW of Kimberley, Cape Province, South Africa (Clarke and 
Carswell, 1977). 
ii Uvarovite, kimberiite pipe, Newlands, 66 km NW of Kimberiey, Cape Province, South Africa (Clarke and 
Carswell, 1977). 
12 Chrome-rich Ca-garnet, kimberlite, Udachnaya pipe, Yakutia, Siberia (Sobolev ef a/., 1973) 
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work (Malinovsky and Doroshev, 1977; Ringwood and Kesson, 1977) suggests 


that knorringite is unstabie at iess than 70- 100 kbar. 
Investigation of the stability of uvarovite at pressures up to 10 kbar on the 
CaSiO;-Cr,0; and CaSiO;-Cr,0;-H,0O joins showed that in the anhydrous 


eustem nvarovite hreakc dawn according to the equation TCO) = 1285 + 21-8 Pp 
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(kbar); at 5 kbar the breakdown temperature is 1493°C ‘((Huckenholz, 1975). 
There is a binary invariant point at i 505 + 10°C and 5°5 +0°2 khar (Fig. 298) and 
at above this pressure the melting point of uvarovite increases at the rate of 4°C 
per kbar. Uvarovite is thermally the most stable of the rock-forming garnet end- 


members below a pressure 0 of 23 kbar and exceeds the thermal stability range o of 


pyrope and spessartine. 

The stability of uvarovite is reduced drastically in the presence of a hydrous 
phase: the breakdown curve uvarovite = pseudowollastonite + eskolaite is in- 
tersected by the hydrous melting of pseudowollastonite + eskolaite + vapour at 
1400 + 10°C and 0°9 + 0:2 kbar (Huckenholz, 1975). 


Baas Ve Rw wees ay 


Although uvarovite and spessartine are in the ugrandite and pyralspite 
subgroups respectively, Naka ef a/. (1975) found that powdered mixtures of syn- 
thetic uvarovite and synthetic spessartine held at 27°5 kbar and 1450°C for 48 
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Fig. 298. Pressure- temperature diagram for compositions in the join CaSiO,-Cr,0;. Reactions 


are: 
(1, 1a) —uvarovite = pseudowollastonite + eskolaite 


(2a) pseudowollastonite + eskolaite + tridymite (?) = liquid 
(2, 2b) pseudowollastonite = eskolaite + liquid 

(3) uvarovite = eskolaite + liquid 

(4) pseudowollastonite + uvarovite = liquid 


Iu, invariant point; S, singular point restricted to a Ca;Cr,Si,;0,, bulk composition (after 
Huckenholz, 1975). 
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hours yielded continuous solid solutions for which the unit-cell dimensions and 
refractive index give straight- line variations with composition. At atmospheric 
pressure, in air, partial solubilities were found up to 20 mol. per cent from each 
end-member composition; a 50-50 mixture broke down at 1050°C, the minimum 


melting temperature in the solid solution series. The stability field of the 


Sse WEt ae’ esse atu tii RSS REESE ONT IR: RIEL DSLeaeriit Rid 


pyrope- uvarovite series at 15-40 kbar and 1000°C was studied by Hariya and 
Terada (1978) who reporied that a continuous solid solution series exists at high 
pressure; at below 20 kbar the equivalent phase assemblage is enstatite,., diop- 


side,,, forsterite and spinel... 


Colour. In hand specimen uvarovite is dark green to emerald- -green, and in thin 
section it shows a distinctly green colour: synthetic uvarovite is also green. 
Frankel (1959) made quantitative colour measurements on powdered natural 
uvarovite and found that with increase in iron content the green colour is deeper, 


while in uvarovite with an appreciable content of TiO, the colour is a ‘rusty’ 


green due to an increase in the amount of red or purple coloration; see also 
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nay be zoned (e.g. Knorring, 1951, 


ow 4 oe Lat. 


p. 512. it is often slightly anisotropic and 
pl. XV, Fig. 4). 
The other properties of uvarovite are discussed in the general section (p. 484). 


Paragenesis 


Uvarovite is the rarest of the six common (anhydrous) species of the garnet 
group. Although as noted above, green chromiferous garnets with uvarovite as a 


subordinate molecule are also known, garnets with uvarovite as the dominant 
molecule are of restricted occurrence and are found chiefly in serpentinite, often 
in association with chromite, and in metamorphosed limestones and skarn 
orebodies. The best known occurrences are those in north Karelia, Finland (Table 
62, anals. 1, 2, 4 and 7), which have been examined by Eskola (1933) and Knorr- 


ing (1951). The uvarovite from this area typically occurs associated with pyr- 
rhotite in a complex of serpentinites, quartzites, phyllites, dolomites and 
diopside-tremolite rocks, together with granites, aplites and pegmatites. At the 
Outokumpu locality, tawmawite (chromium-bearing epidote) may be associated, 
and Eskola has described also the close relationship between the uvarovite skarn 


rocks and the dolomites; some of the latter contain chromite. In discussing the 
paragenesis of north Karelian uvarovites, Knorring Suggests the ultimate source 
of the chromium to be the associated serpentinite intrusions: he also postulates 
the reaction during metamorphism between the chromite-bearing dolomite and 


silica in the presence of water to yield uvarovite, the aluminium content being 


derived from Al-bearing chromite and partly from the rock itself: 
dolomite + chromite + SiO, + H,O > tremolite + diopside + uvarovite 


Uvarovite also occurs in chromium ore from near Bisersk, near Kyshtymsk, 
Urals. and in serpentinite near Roros, Norway (Aars- Andersen, 1907). The 


wr ey nee kk Olek ee 8 eS ee oY akVi Vo BOA assis OL se ae 


uvarovite from the Redtjern chromite mine of Roros district is associated with 


the pink chromian chlorite kammererite, both these minerals being secondary, 
their chromium being derived from the aluminous chromite of the ore (Prestvik 
1974). The uvarovite (Table 62, anal. 6) from the Kalrangi mines, Orissa, India, 


has virtually the same paragenhesis, see also Mira (1973); a similar paragenesis Oc- 


taawe OGssay avaas Saaaaaatea 


curs at the Butler Estate chromite mine, Fresno County, California (Matthews, 


i961) and at the Kop Krom mine, Turkey (Dietrich, 1978). The uvarovite 
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(anal. 8) from near Grua, Norway, is in a contact aureole around a nordmarkite 
but the paragenesis is similar to that at Outokumpu; Prestvik (1974) considered 
that the chromium in the Grua uvarovite was perhaps introduced into the 
sediments from one of the intrusions of Oslo essexite in the area before the rocks 


intradiralA matacnmaticall 


were thermally moetamarnhnced but that wae a , 
WAS TITPUUULLU TNIV laouUlliativally 


WEY LAIN ILIGILY LUINTGINYUL PilVovu, Lilal i 
seems probable. 

Chromium-rich garnet has also been reported from contacts between 
ultrabasic bodies and acid rocks in Western Australia. Burns (1973) has described 
two such occurrences; analysis of one at Marvel Loch, 30 km south of Southern 


Crnaee ndicated a chramian orossular with Oro, 1n- nas 
NIU, inaicat Ww aA cnromian Si Vooulal witil Cr 2V73 1U 3 per cent oul a uvar ovite 


from Heaneys Find is reported to have a molecular composition Uv3;Gro, (Gor- 
man, 1975), with 7 1°825, D 3°82, a 11° 928 A. The material of anal. 5 froma peb- 
ble in river gravel in Papua New Guinea is associated with prehnite; the associa- 
tion of uvarovite and prehnite has also been noted in the Grua occurrence (anal. 


Q\ At NMaweiteit Rirma nvaravite tc rannrted ta nceur with chrameciadaita 
OJ. EME IVEAWOIOIL, BOUL ITIGA, UVALYVIW LO IY PUI ty ULUl wy Ilsa enrome- JAULTILY 


(Win, 1968) but no data are given. Green chromium-bearing garnets with other 
garnet molecules dominant have been recorded in metamorphosed limestone at 
Orford, Quebec (Dunn, 1978, and Table 58, anals. 10, 15, 19; see also Grubb, 
1965), and in association with chromite at Pic Posets near Vénasque in the 


Duraneaeac Mininte green cryuctale af vwvuaravite in chramite fram near the Uanla 


a Jiviivneo. AVALAZULY &Bivwal wi yotalyo Wl UVCALWVALY LEd VLELWJELLELO LLG LING Laws BALGAILIL 
monastery, Rupshu, Kashmir, were described by Mallet (1866); see also Sastri 
(1963). 


Bright green uvarovite has been reported associated with chromitite seams 
from the eastern part of the Bushveld complex of South Africa (Hall and Hum- 


nhroev 10NQ\ and a detailed invactigatinn af thic material hac hean carriad nut 
BPilLeys, A7vVUuy qaiiu @ ULlaIIVU POON Wh ULI LAILGAINIT Idd bidod URL Fail Iivu VUE 


(Frankel, 1959). The uvarovite is associated with chromite and sometimes with 
diopside, zoisite, and serpentinized olivine, and occurs in seams within the norite 
of the complex: it is believed to have been formed as a result of deuteric alteration 
and lime metasomatism followed by thermal metamorphism, its formation being 


entirely depende nt upon the nresence afr adequate amounts af chraminim In 
WALLAL wily epencent upyv Wik Lilw Fi VOWMIVY VI au wyua Ww amount Wi cnr omium. gab 


another South African occurrence, uvarovite (Table 62, anal. 9) is found in 1-6 
mm crystals associated with diopside and oligociase in a quartz-mica schist; for 
this paragenesis, Coetzee (1963) considered that adequate chromium must have 
been present in the matrix before metamorphism and metasomatism. 


Althanoaoh mact nvyarnvitec are acenciatedn with the metacnmatic introndiuctian af 
PAMLLIIVUUBIL MIU UVALUVILLS GIL GOOULIGLOU WILT CAIN LHR LQAQSUIIIGUIL TILE UVUULLIUIE UL 


chromium from basic or ultrabasic igneous rocks, some garnets in xenoliths in 
kimberlite pipes are sufficiently rich in chromium for them to have uvarovite as 
their dominant molecule and to be classified as uvarovites (Table 62, anals, 
10-12). Thus Sobolev et a/. (1973) list electron probe analyses of 33 chrome-rich 


Mo Ca aarnete fram Vakitian kimbherhtec finchidina the material of anal 19) 
ivi, Na Bat BANCO LA Wika PCANULIGIL NALLIVVE ALI O (ilies LEEW EARCALNILCEE Vl Gakaa,. aay 


and paragenetically these have been discussed in the section on pyrope. Some of 
these garnets remain reddish or reddish black but several chrome-pyropes are 
green in hand specimen (Sobolev ef a/., 1973) or show the alexandrite effect 
(Sobolev, 1971; Hornung and Nixon, 1973). The uvarovites of Table 62, anals. 


1 110 ara twa nf cayveral dark arean garnate faiund in the Nawlande kimherlito 
AV, i fy Qin. tw Ui SV YI ai UdaIN Sivesil &ai BAUS LUI fit CHI LVR WV ICEEIUO NiLTIULL Ite 


pipe, South Africa, where they are associated with partly serpentinized olivine + 
red chrome spinels and plates of phlogopite. The petgrogenetic model favoured 
by Clarke and Carswell (1977) involves their formation during subsolidus 
recrystallization of spinel wehrlitic cumulates which themselves had been produc- 


and hy a fracrtinnating maaqma ata danth nf about IW OKA Lm (at around 1900°C 
Vu vy a LEAUVULIVIIGUIALE Mm1apsiua ata Uvpti Vi QAUVUL eve" fe I VI Km qat qgivurn ty 


and 75 kbar). 
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| Hydrogrossular Ca;Al,Si,0;(SiO,),.,,(OH)sn | 


Chemistry 


The name hydrogrossular is applied to members of the — series 


RA rT hao aan RKReanlas 


3CaO.A Al.O3. 3Si0,-3Ca0O. Al,O3. 6H,0 with a composition oetween grossuiar 
and hibschite (plazolite), 3CaO.Al,03;2Si0,.2H,O (Hutton, 1943). Minerals in 
this compositional range have also been called hydrogarnet, grossularoid, and 
garnetoid, the latter being more broadly defined to conform with the general for- 
mula X3¥2(ZO4)3- m(OH) 4m (McConnell, 1942; see also McConnell, 1970). 


Dlaenhlita nriginal rane thaiuioht tn rantain accantial CO het thic hac haan « 


Plazolite Vl iginally was t(nougnt tu contain essefntiai VLW2,; out this lias VlUll shown 
to be due to contamination and plazolite must be regarded as being similar to 
hibschite. The compositional range between hibschite and the silica-free form 
3CaO.Al,0;.6H2O is not yet known to occur naturally. Hydrogrossular is 
chemically less resistant than grossular, and is slowly soluble in HCl or HNO3. 

Analyses of two hibschites and fourteen hydrogrossulars are given in Table 63, 
together with the numbers of ions on the basis of 24 oxygens: %4 of the (OH) 
value is allocated to the Z group, assuming the replacement to have been Si = 4H 
(the material of Table 63, anal. 1 would appear to be marginally richer in H,0* 
than hibschite but also contains appreciable H20 , and the distribution between 
structural and hydroscopic water may be questioned). A hibschite with H,0* 9°20 
per cent was reported by Nalivkina (1960). A hydrogarnet containing appreciable 
ferromagnesian component (Fe203 18°28, FeO 1°72, MgO 9:96%) was reported 
by Lung (1964), who gave it the general name hydrougrandite, thus preceding 
the name hydroandradite put forward by Peters (1965) for material with up to 28 
per cent total Fe as Fe20; ( (i Table 63, anal. 1 18); the h hydr Ogarnets of anals. 8, 13, 14 
and 15 also contain appreciable amounts of iron. The hydrogrossulars of Table 
63 show a continuous trend from 8 to 0°25 (OH) per unit cell of 6 Ca, 0°25 (OH) 
being taken as the lower limit of hydrogrossular as at lower values (H20* < 0°4%) 
in the absence of infrared data the OH value may represent alteration. Although 
some hydrogrossulars showing crystal faces are known, the majority are relative- 
ly formless and often very fine-grained. Such fine-grained hydrogrossulars may 
be pale green and have been given such names as pseudo-jade, ‘Transvaal jade’, 
or ‘South African jade’, e.g. Table 63, anal.11; pink ‘Transvaal jade’ is also 
known (anals. 6 and 7; see also Franchini Angela and Ferraris, 1971); the colours 


are Anata crhraminm ar manganace Tha naraganatic acenciatinn af hudraagarnate 
QALY WUULS LU LLIILULILIULLL UI ALIGLIBAILIVOV. a ne pal ABV QGIOVUVIGUIVUEIE UE Lys Vea AIO 


with altered ultrabasic rocks allows chromium sometimes to amount to major ele- 
ment proportions, as in the chromian hydrogrossular of Table 63, anal. 12 
(Cr203 6°48%) and the chromian hydroandradite or hydrougrandite described by 
Ford (1970) with Cr2O3 2°20, Fe.O; 27°79 per cent. In a crystal chemical study of 


a natural Tihearing hudragarnet Racen ot al (19021) allacated all the Titan the V 
@ fiaturdi 11-0€ar% 4a" nyarogar LINL, DAISY Cl UE. LIFOL) AMULALLU Gil LHe ALLU LLIt ff 


site mainly as Ti** (see also Table 63, anal. 8). Analyses of five hydrogarnets 
(together with infrared and TG curves) are given by Morandi ef a/. (1979). 


Experimental Work 


The complete series of mixed crystals from close to the grossular composition to 
3CaO.AI1,0;.6H20 was synthesized by Flint et a/. (1941), by treating glasses of 
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Table 63 Hydrogarnet Analyses 
1 2 3 4 5 6 
SiO, 26°93 27°57 30°1 34°48 34°59 33°6 
TiO, 0°04 0°67 — 0:03 0-15 — 
ALO, 22°67 18°52 24°8 19°87 20°81 22:1 
Fe,0; 1°46 3°70 — 0-61 0-99 0°5* 
FeO 0°34 0°15 0°86* 0°85 0°29 — 
MnO 0-02 0-08 — 0°02 0°05 oO! 
MgO 3°86 2°13 0:08 2:07 1-20 0:2 
C20 33-43 328-39 37°6 37°40 36°13 38°0 
Na,O 0°35 — 0°22 0°02 0-01 — 
K,0 0-00 — 0:02 0:01 — 
H,0* 9:90 8°55 6:00 4°65 491 5:0 
H,0- 0-88 0-29 — 0-23 0:36 — 
Total 99-88 100-05 99-68 100-24 99-49 99-6 
n 1-67 1°681 — 1°702 _ — 
D 3°02 3°06 — 3°35 _ — 
a(A) 12-11 — — — — 1-951 
Numbers of ions on the Dasis of 24 O 
Si 3691] 69g 38921 6.16 42% 15.9 49701 6.55 4974] 5g 48231 61, 
Urns4¢ £348 j 4 £00 J 1°0US J 1496] 1-520 J 1°54/ | 
Al 3-663 3-081] 4:173 3-376 3°527 3-739 | 
Fe** 0-151 +3°82 0°393;73°55 — 0:066 +3°45 0:107+3:65 0°054 +3-80° 
Ti 0°004 0-071 | — 0 003 | 0-016 | — | 
Ba n-73eo01 n.AAa] nA.nig 1 N.AAE) n.9e9 n-naral 
Iva Vv 60 Vv ao VUli U a VLot Vv veo 
t+ . , . . . _ 
Fe 0-099 ong 0018 Lg ng 0103 | gy 0102/45 0085 Logg — | sag 
IVEEE Vv Wwe Vvulv — We Vw VvVIsa 
Ca 4910 5-806 | 5-751 | 5-776 | 5°567 5-844 | 
Mol. per cent end-members 
Aimandine 0°3 —_— 1:7 — _— — 
Andradite 40 11°3 — 1:9 3:0 1:4 
Grossuiar 37°3 36°4 70°6 65:1 67°9 73-7 
Hydroandradite — — — — — _— 
Hydrogrossuiar 44-6 43°5 27°4 24°4 24°3 23°6 
Pyrope 13°8 8°6 0°3 86 4:7 0°8 
Schoriomite _— _ _— — — _ 
Spessartine tr. 0:2 — tr. 0:1 0:2 
Uvarovite _ — _— _— _— 0°3 
O11. an. O-9F Nene 
LeIUUeS Ul VvVii 


1 Hydrogrossular, skarn at diorite:limestone contact, Kushiro, Hiroshima Prefecture, Japan (Henmi ef al., 


1971). 


w 


1941a). Anal. 1. M. Shumilo. 


we 


Uvdenaracenias har 
myOQrOopg Vsourar, WOT 


and Rodgers, 1978). 
4 Hydrogrossular, rodingite, Champion Creek, Waimea survey district, New Zealand (Hutton, 1943). Anal. 


F. T. Seelye. 
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Hibschite, metasomatic caic-silicate rock, Nikortzminda, Caucasus, Georgia, USSR (Beiyankin and Petrov, 


§ Hydrogrossular, garnetized gabbroic dyke, Girvan - Ballantrae complex, Ayrshire, Scotland (Bloxam, 1964). 
6 Pink hydrogrossular (‘Transvaal jade’), Buffelsfontein, Rustenburg, Transvaal, South Africa (Manning and 
Owens, 1977) (includes Cr2O; 0:1). 


Garnet Group: Hydrogrossular 


651 











7 8 
34°46 34:37 
0-14 2:27 
21°25 8°80 
0-97 17:08 
0°32 0-17 
0°18 0-04 
1:13 0°75 
36°46 33°37 
0:05 0-08 
— 0-07 
4:47 2°58 
0-65 — 
100-08 99-98 
1°675- 1°705 1°780 
3:27 — 
11°90 12:00 
4978] 61g 5341] 
P2112] U°/53 J 
3-618 | 1-612 | 
0°105 + 3:74° 1-997 
0-015 0-265 | 
0-243 | 0-174 } 
0-039 | oe 0°022 L 
0:022/ 9° 0-005 
5-644 5-556 | 
2:8 54:6 
70-7 27°1 
21-7 13:7 
4:4 3-2 
0-4 0-1 
tr. 1°3 
» inctudes Cr°* 0-001. 


+ 
© Includes Cr?* 0-049. 
Includes Al 0-245. 


* Includes Cr>* 0-029. 
F Includes Cr3* 0°77. 
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Aimandine 
Andradite 
Grossular 

Hydroandradite 
Hydrogrossuiar 
Pyrope 
Schoriomiie 

Spessartine 
Uvarovite 


7 Pink hydrogrossular (‘jade’), Buffelsfontein, Rustenburg, Transvaal (Tilley, 1957). Anal. J. H. Scoon 


(includes Cr2O; 0-005). 


8 Hydrogarnet, Hatrurim formation, Israel (Gross, 1977) (includes Cr20; 0°40). 
9 Grossular, in contact with serpentinite, Red Hills ultramafic intrusion, New Zealand (Challis, 1965). 
10 Colourless hydrogrossular, rodingite, Japan (Seki, 1965). 


J. J. Frankel (includes Cr20; 0°25). 


19) Light chromian hudronerasenlar. csernentinite 
ae Lignt Cnromian nyGrogrossuiar, SCTpenunne, sOre 


(Recalc. less 0:74 Na as albite; includes Cr2O3 6°48.) 
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Table 63. Hydrogrossular Analyses - continued 


Si 
OH/4 
Al 
Fe** 
Ti 

Mg 
Fe?* 
Mn 
Ca 


Almandine 
Andradite 
Grossular 


Hydroandradite 


Hydrogrossular 
Pyrope 
Schorlomite 
Spessartine 
Uvarovite 












































13 14 15 16 17 18 
36°55 35°80 37°8 38-45 37°76 35-0 
0:75 0°52 0°85 0°30 0°14 1:0 
16:09 2°76 13°9 20:32 19°63 2:0 
7°55 26°52 12'1 1:21 4°26 28-0* 
0:33 2°68 0-9 7:50 4:20 — 
3-90 0°36 0°5 0:98 2°85 tr. 
1:05 0-00 0-4 tr. 0°51 3-0 
33-14 30°69 33-0 31:00 30°31 30-0 
— 0°16 — — 0-02 tr. 
— 0-00 _ — 0-02 tr. 
0°86 0°58 0°55 0°50 0°44 1-0 
0°44 — — — — — 
100-66 100-07 100-07 100-26 100-19 100-0 
1:809-1°815 1°863-1°867 1°785-1:792 1-747 — 1-822 
11°885 — 11:92 11°840 — 12:08 
Numbers of ions on the basis of 24 O 
5-645 5-931 5°869 5°870 5°794 5-711 
0: as % 0-180 | 0: ie? te 03 9-143 FOO! 9 arts 92 5306 f8 02 
2: si 0°539 2: ail 3-657 3°550 0 385 
0°878 + 3°89 3-306 1-414 +406 0°139 + 3°83 0°492 +4:06 3-438 +3-95 
0-087 | 0°065 | 0-099 | 0:034 | 0-016 | 0-123 
0°242 | _ 0-093 | — | 0-117] 0:730 | 
0-043 0-371 0-117 0-958 0°539 
0°510 b6: 28 0-051 b5-87 0-066 bse7 0-127 }6-16 0-370 +601 5°98 
5-482 | 5-448 | 5-490 | 5-071 | 4-984 | 5:245 | 
Mol. per cent end-members 
_ 4-7 2:0 8°7 7°8 — 
23'1 86:0 36°8 3-7 12:2 85:0 
59-4 5°3 55-7 82:9 69°4 — 
— — — — — 49 
4:4 31 2°8 2:5 2:1 0-4 
4:2 — 1:6 — 2-0 9:7 
—_— — —_ — 0°73 — 
8°9 0-9 11 2:2 6:2 — 
_ _ tr. _ _ _ 


13 Garnet, garnet- bustamite- wollastonite bedded replacement ore, Kaninomata deposit, Ohori mine, Yamagata 


Prefecture, Japan (Takeuchi e¢ al., 


1960). 


14 Hydrogarnet feidspar-quartz-andradite pegmatite in Archaean magnesian skarns, Aidan Shieid, USSR 
(Belyayev, 1968). 


p.p.m.). 


G dionside_c 
Garnet, GiOpsiae- & 


1964). Anal. A. D. Wilson 


g 


ourr 


Sere rgeant (includes 0: 07 other constituents: Ba 30, Cr 70, Sr 30, V 350 


Ota s5saitas, GeUuas 


Burn of Wir irgeo , Fetlar, S Shetland Islands 


16 Brick-red ferroan grossular, hornblende- magnetite skarn, Ginervo, Elba (Dimanche, 1969). 
17 Grossular, garnet-clinopyroxene skarn, Kagata mine, 90 km NNE of Tokyo, Japan (Shimazaki, 1977). Anal. 
H. Haramura (includes P20; 0°05). 


18 Hydroandradite, ophicalcite, Totalp serpentinite complex, Davos, Switzerland (Peters, 1965). 


Scotland (Phemi ster, 


AIRE 
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appropriate composition with water in a bomb at various temperatures and 
pressures. They were obtained also by adding AICI; to a boiling solution of 
Ca(OH):, and had the form of cubes, octahedra, dodecahedra or icositetrahedra. 
Yoder (1950) using glasses of grossular composition recorded that hydrothermal 


treatment of these glasses save hydroerossular below 850°C and 2000 at- 


Va Wasa OWE LEAVY SIMI Ett aby MLV Bs VO Use Wweav ve Asa av 


mospheres, and above 850°C a mixture of gehlenite, woOllastonite and anorthite. 
Hydrothermal syntheses by Yoder (i950) and Carlson (1956) in the range 400 - 
800°C and 0°2-2 kbar showed that silica-deficient hydrogrossular formed along 
with variable amounts of free silica and that the SiO. content of the garnet in- 


creased with temperature, giving essentially anhydrous erossular at 800°C; see 


ean aapee 4 15 Ow eae 4 ’ 


however, Roy and Roy (1957, 1960) who report the production of stable hibschite 
at 360°C, 2 kbar, and the development of metastabie (?) grossuiar at 
temperatures some 300-400°C lower than suggested by Yoder’s work. The 


equilibrium relations between hydrogrossular + quartz and anorthite + 
wollastonite + H»O were determined to 15°5 kbar and 810°C by Pistorius and 


WY Wee er esate of gazw WwW Aa eee rere ere Hae Gewese Gansu 


Kennedy (1960), who demonstrated that there is a continuous solid- solution series 
from grossular, 3CaO.Ai,03.3SiO2, through hydrogrossular to _hibschite, 
3CaO.AI,03.2SiO02.2H20. The composition of the hydrogrossular, above 500°C 
and in equilibrium with quartz, is determined mainly by temperature (Fig. 299); 


at above 780 °C and 15 kbar P. oronscular is stable in the nrecenre of anart7 


@. auvv Gaawe eas 9 SAMOS MsHe 2G GLAU EN ALA LEEW PUT WOUEILY YE YUGI LL. 


The unit-cell edge of the hydrogrossular - grossular series can be closely correlated 
with temperature of formation, varying from 12: OA (hibschite) at around 500°C 
to 11-851 A at 780°C and above (grossular). The breakdown of hydrogrossular at 


high H,O pressures may be represented by the reaction: 


3CaO.A1203.(SiO2),, .(H20)6¢- ~2m, + 
(m2- —~m,)SiO,=3Ca0. -Al,03.(SiO2),,,. (H20),.,,,, + 2072-17,)H20, 


— 2nmy 


where m, and m, are numbers between 0 and 3 (Pistorius and Kennedy, 1960). 
Hibschite and grossular are represented by the special cases where m, = 2 and 3, 
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Further work by Christie (1961) showed that the sodium-free aker- 
manite-gehlenite solid-solution series decomposed at 4°8-6°7 kbar and between 
500 and 650°C depending on composition, giving hydrogarnet and vesuvianite or 
xonotlite as well as clinopyroxene and wollastonite. This work also demonstrated 
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and suggested that the end-member, 3MgO.AI1,0;3.6H20, might have a 12:1 
Pumpellyite prepared by hydrothermal synthesis becomes unstable at 6 kbar and 
above about 400°C and breaks down to anorthite, hydrogrossular and diopside 
(Hinrichsen and Schirmann, 1968). 


Severa! eeriec of crocrystallin hudrasarnete were cyunthacizad hy Itn and 
severai series OF microcr ys tauine PAYULU BALLS WELD Syrttoizeu u ALY qQiiu 
Frondel (1967b) including Ca3(ZrFe)(FeO.4)2-.(OH)«4x with x = 2, 1°5 and 1 and 


Ca3(TiFe)(FeO,4)(Si04)2~.(OH)4, with x = 2, 1°75, 1:5 and 1; efforts to synthesize 
Ca3Fe.(OH),2 were unsuccessful. A barium analogue of hydrogarnet was 
prepared by Ahmed Moinuddin and Dent Glasser (1969) and the production at 
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substitution of (GeO,) for (OH), in Ca3;Al,(OH),2 was obtained by Cohen- 
Addad (1969). A 1:1 mixture of mullite (3Al,0;.2SiO.) and CaO by weight 
reacts under hydrothermal conditions to give hydrogarnet phase of composition 


3CaO.AlI,0;.SiO,.4H.2O, but when a controlled amount of gypsum is added 


Ca (SiO NVASO VOU), hudravvlellectadite te nraduced and at the came tim 
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up to about 4 per cent SO; can be substituted in the structure of the hydrogarnet 
(Sauman ef al., 1975). The dehydration of 3CaO.Ai,0;.6H,0 to 
12CaO.7A1,0;.6H2O and then to the anhydrous form 12CaO.7Al,0; was ex- 
amined by Bartl (1969). 
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mal DTA peak at 650-690°C and two exothermal peaks 7 ‘at 8 0°C (weak) and 
940°C were reported (Belyankin and Petrov, 1941b). Zabinski (1966a) obtained 
two distinct endothermal peaks (a greater one at 720 and a smaller at 810°C) for 
this material, together with a distinct exothermal peak at 930°C preceded by a 
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peaks of 3CaO.Al,03.6H2O are much lower, at around 350 and 510°C (Majum- 
dar and Roy, 1956) and thus enabled Zabinski (1966a) to plot the relationship 
between the temperature of the main endothermal peaks against the (OH) content 
in hydrogrossular. 
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structural nature of the (OH) content (see p. 472); a band at around 618 cm™ is 
particularly sensitive to the substitution of [SiO,] by [OH], when it becomes 
greatly reduced and shifts towards lower wave numbers (Zabinski, 1966a). A 
band at 2°70 ym (& 3680cm™') was claimed to be distinctive for the presence of 
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African jade’ variety of hydrogrossular were studied by Manning and Owens 
(1977) who attributed the green coloration to the presence of Cr** ions, whereas 
the pink variety has broad absorption bands reminiscent of the bands due to oc- 
tahedrally bonded Mn** ions in other silicates. Fluorescent hydrogrossular has 
been reported from a vesuvianite-zoisite marble in northern Norway; a clear 
orange fluorescence is displayed in short-waved ultraviolet light (Nissen, 1972); 
the coexisting grossular is not fluorescent and is somewhat richer in iron. 
Hydrogrossular is typically white or buff-coloured but massive material in hand 
specimen may be translucent pale green, grey or pink. In thin section it is col- 
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perties of hydrogrossular see the general garnet section (p. 490). 
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Table 64. Henritermierite Analysis 





1 
SiO, 24°65 
Al,O3 5°95 
FeO; 0:95 
MnO 22°38 
CaO 35-45 
H,0* 7°85 
H,0" 0-08 
Total 99-87 





Numbers of ions on the basis of 24(0,OH) 


Si 4: 013 
OH/4 2400 { 9°41 
A! 1-142] 
Fe** 0-016 L424 
Mn 2-086 

Ca 6°184 

Ww 1:765 

E 1°800 

D 3°34 


1 Clove or apricot-brown henritermierite, marokite- hausmannite- calcite assemblage, Tachgagalt manganese 
deposit, Anti-Atlas, Morocco (Gaudefroy et a/., 1969). Anal. M. Orliac. 


Henritermierite. This hydrous manganoan tetragonal mineral was described 
from Morocco; its analysis is given in Table 64, and leads to the idealized formula 
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anomalously biaxial (+) with a small 2V and is commonly twinned on (101) giving 


four sectors; decomposition begins at approximately 500°C (Gaudefroy et al., 
1969). 


Paragenesis 


Members of the hydrogrossular series are probably more common than has been 
realized: it has been suggested (Yoder, 1950) that the majority of garnets describ- 
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association with wollastonite, xonotlite, gehlenite, apophyllite and thaumasite, 
has been recorded from the contact of teschenite with chaik mari in Georgia, 
USSR (Belyankin and Petrov, 1939). It has been recognized also in metamor- 
phosed marl from Bohemia (Pabst, 1942) and intergrown with diopside and albite 
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curs as Shells surrounding garnet (n 1°822) in limestone in contact with diabase in 
the Lopan Gorge, Osetia, Transcaucasia (Belyankin and Petrov, 194ib). 
Plazolite had been recorded previously (Foshag, 1920) in contact metamorphosed 
marls adjoining granodiorite at Riverside, California. 


Hydrogrossular 1 is the most frequently reported garnet fromr 
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ton (1943) first described hydrogrossular (Table 63, anal.4) fr 
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New Zealand, and it has since been recorded in altered gabbroic rocks and 
rodingites from other localities where its occurrence is due to redistribution or 
metasomatism involving the addition of calcium (Miles, 1950; Bilgrami and 
Howie, 1960). Similarly it occurs, as a result of hydrothermal metasomatic in- 


tend t £ 1 i 
troduction of calcium, in jade-like massive bands (anals.6, 7, 11) replacing 


plagioclase in anorthosite and feldspar-rich pyroxenite horizons in the Bushveld 
layered igneous complex (Tilley, 1957; Frankel, 1959; McKague, 1966). The 
hydrogrossular-bearing serpentinites and rodingites of Natal have been con- 
sidered by Waal (1969) to be due not to the external introduction of Ca but to the 


ata etitutinn of the k dau 
metamorphic reconstitution Or tne rock during serpentinization of an original 


gabbroic rock. Rodingites containing hydrogrossular, grossular and vesuvianite 
have been described from Archaean ultramafic complexes in the Barberton 
Mountainland (Anhaeusser, 1979). Rodingitic aureoles are common at the 
margins of serpentinites in blueschist terrain and their development may have 


tab 1 da 
taken place during the main phase of blueschist metamorphism (Coleman, 1961, 


1967). A Ti-bearing hydrogarnet has been reported from a fissure in a rodingite 
dyke at Bric Canizzi, Liguria, Italy (Basso ef a/. 1981). 

The composition of the hydrogrossular in rodingites varies within occurrences; 
it may be found both as _pseudomorphs after plagioclase and in the groundmass 
(Leach and Rodgers, 1978). Several reports of rodingites containing two garnet 
phases indicate that hydrogrossular is often accompanied by a less hydrous phase 
near grossular in composition or a hydrous phase richer in the hydroandradite 
molecule, e.g. Duffield and Beeson (1973). The garnet from massive rodingite 
described by Larrabee (1969), however, has only 0°34 per cent H,O* and is a 
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hydrogrossular rim was noted by Hutton (1943) and Pabst (1942), and was in- 
terpreted by Yoder (1950) as an indication of retrograde metamorphism. The 
hydrogarnets (Table 63, anal.8) of the thermally altered sediments of the 
Hatrurim formation, Israel, occur as shells surrounding anhydrous material, in- 
dicating retrograde metamorphism in an environment rich in water; the material 
of anal.8 is relatively rich in iron but hydrogrossular with Al: Fe** 5: 1 and H20* 
4°55 also occurs (Gross, 1977). Other examples of hydrogrossular from rodingitic 
assemblages have been examined by Bloxam (1964) from the Girvan - Ballantrae 
complex, Ayrshire, and by Phemister (1964) from veins intrusive into serpentinite 
in the Shetland Islands (Table 63, anals. 5, 15); the chromian hydrogrossular of 
anal.12, is also found associated with diopside and albite in serpentinite. Minerals 
associated with hydrogrossular in rodingite often include prehnite, xonotlite, 
chlorite and vesuvianite; indeed the fine-grained material from Yakutia described 
by Bliskovskii (1964) as Transvaal jade was later shown to be not hydrogrossular 
but vesuvianite (Zabinski, 1966b); see also Zabinski (1964) and p. 712. 

Mason (1957) has described a band of hydrogrossular-cristobalite rock up to 
12cm thick at the contact of an andesitic dyke with limestone: here an outer lar- 
nite zone is believed to have extended originally to the margin of the dyke, but to 
have been converted to hydrogrossular (a 11°95- 12°24 A) and cristobalite by the 
later introduction of silica, water and some alumina. Other examples of 
hydrogrossular in a contact metamorphic or metasomatic environment include 
the hibschite (Table 63, anal.1) from a diorite- limestone contact in Japan, and 
the hydrogrossular from a bustamite-wollastonite replacement ore (anal.13). 
Hibschite has also been found in biotite- plagioclase rock produced by 
metasomatic alteration of gneiss in the River B pug area (Nalivkina, 1960). Other 


skarn examples are represented by anals. 16 and 17 (Table 63). The 
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hydrogrossular from a contact with serpentinite of the Red Hills peridotitic intru- 
sion, New Zealand, may also be a product of contact metasomatism. The low- 
temperature hydrothermal metasomatic formation of andraditic hydrogrossular 


in chalk from the sea-bed above basalt of the Indian Ocean Ridge has been 
described by Kempe and Easton (1974) who considered that hydrothermal fluids 
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from the magma source beneath the basalts transported SiO,,Al,03, and Fe203 


into the calcareous ooze above. Other examples of this type of paragenesis have 
been described by Easton ef a/. (1977). Hydrogrossular has been recorded also in 
a calc-silicate zone with prehnite, and minor sphene, witherite and chlorite, 
around acore of jadeite occurring as a tectonic inclusion in a Californian serpen- 
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tinite (Coleman, 1959). 

Experimental work on the grossular - spessartine - HO series led Hsu (1980) 
to conclude that any occurrence of hydrogarnet may be used as temperature in- 
dicator, setting the formation of the hydrogarnet-bearing assemblage at below 
420°C at 2 kbar. 
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Hydrougrandite 
Hydrougrandite with Fe,O; 18°28, Cr.03 0:20, H,0* 5:29 per cent was describ- 
ed and named by Tsao (1964) from an altered peridotite; the hydrous andradite of 


Table 63, anal.18, contains only | per cent H,O but occurs in ophicalcite in a 
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serpentinite mass (Peters, 1965) and has led to the recognition of the hydroan- 
dradite molecule. A light green hydrogarnet associated with serpentine minerals 
from the Lord Brassey mine, Tasmania, has been shown to contain Fe,0; © 27'8, 
Cr,0; © 2:20, H.,O* = 0:96 per cent (Ford, 1970) and thus contains an ap- 


preciable amount of hvdrouorandite molecule 
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The only reported occurrence of the manganoan hydrogarnet henritermiérite, 
Ca3(Mn,.s5Alo.s)(SiO4)2(OH)a, is in association with marokite, hausmannite, and 
calcite in the Mn deposit of Tachgagalt, Anti-Atlas, Morocco (Gaudefroy et al., 
1969). 
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€ 1-700 - 1:746 

w 1-703 - 1°752 

d 0-001 - 0:009 

Dispersion: strong. D 3°32 - 3°43 H6-7 

Cleavage: {110} poor, {100} and {001} very poor. 

Colour: Yellow, green, brown, more rarely red or blue; colourless to 


pale yellow, green, brown or pinkish brown in thin section. 


Pleoc roism: Coloured yartati chaw weak nlenchrai: Qo hrawniec 

a al AOLEL. Uszvru Varieties may snow WwTGAKR PICVELLVUIOLIT, vB orownisn 
yellow to yellowish brown. 

Unit cell: a 15°4-15°6,cO11°8 A, 


Z =2. Space group P4/nnc. 


Varieties with low birefringence may show anomalous interference colours in 
brilliant blues or browns. Optically positive and biaxial varieties are also known. 


Vesuvianite is a common mineral of metamorphosed limestones and takes its 
name from Mt Vesuvius. where it is found in etected blocks. The ontically 


name from Mt Vesuvius, where it is found in ejected blocks. The optically 
positive variety wiluite was named for a locality on a tributary of the River Wilui, 
Yakutsk, Siberia. The resembiance between the crystal forms of this mineral and 
those of other species led Hatiy to suggest the later name idocrase, from the 
Greek eidos, appearance, and krasis, a mixture. 


Structure 


An X-ray investigation of vesuvianite was carried out by Warren and Modell 


fa * es hiseatiwne wi adil 


(19 31) who showed that its structure is closely related to that o 
the c dimension of vesuvianite being approximately equal in length to tn 
edge of grossular: certain parts of the structure are in fact common to both 
minerals. The cell content proposed by Warren and Modell was 
2[Ca29Als(Mg,Fe).Si:sO¢g(OH)s] but later chemical and X-ray work led to con- 
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siderable discussion concerning t the correct formula with the ideal formula differ- 
ing slightly from that suggested by the structural analysis (Machatschki, 1930, 
1932; McConnell, 1939; Barth, 1963). Data on the experimental stability of vesu- 
vianite also demonstrated variations in composition and although most authors 
accepted a formula based on 76 (O,OH), various groupings of the cations were 


suggested; these have been summarized by Ito and Arem (1970). 
The structure of vesuvianite differs from that of garnet by virtue of additional 
atoms which lie on the fourfold axis. Warren and Modell (1931) suggested that 


the only atoms on the fourfold axis were two calciums each coordinated by 
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square antiprisms of oxygens sharing one of their square faces. The redetermined 
structure (Coda et a/., 1970; Rucklidge et a/., 1975) has a different distribution of 
atoms along the fourfold axis (Fig. 300). There are two additional oxygens (four 
per cell and possibly associated with hydrogens) and four cation positions (eight 


nar really which ara otatictirally aAreiniad he 4% la and i) Ta (alice minnar TT; and AAn)\ 
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The calcium atoms are still in the square antiprism coordination but Fe is in a 
fivefold square-based pyramid. 

In the normal garnet-like part of the structure the centrosymmetrical oc- 
tahedral site is occupied by Al and (Al,Fe) is assigned to the general octahedral 
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the tetrad axis even though they are statistically half occupied, while Fig. 300b 
shows a particular sequence in which only one of each kind of site is fully oc- 
cupied. The sites labelled B and C are occupied predominantly by Fe and Ca 
respectively, and there is the possibility of B containing Fe** preferentially. The 
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coordination of the B site is rather like an octahedron with on 
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Fig. 300. The atomic arrangement along the fourfold axes of vesuvianite (a) with both B and C posi- 


tions occupied, (b) with one C and one B occupied. Bond distances are given for each of the three 
crystals examined (after Rucklidge et al., 1975). 
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Fig. 300(c). The structure of a unit cell of vesuvianite projected on (001) (after Buseck and Iijima, 
1974). 


The coordination of the Ca (3) atoms, which do not lie on the tetrad axis, is raised 
from seven to eight by the inclusion of the extra oxygen O(10). 

Buseck and lijima (1974) presented high-resolution electron micrographs of 
vesuvianite (see frontispiece) which bear close resemblance to the structure pro- 
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containing 2Ca and 2Si, S containing 2Ca (after the Warren and Modell struc- 
ture) and T containing 2 Mg or Fe. 
The chemical formula for vesuvianite consistent with the above structures 


was given by Coda et al. (1970) as 2[Cai9(Mg,Fe,Al,Ti,Mn);Als(O,OH) j0- 
(SiO, \,.(Si,-0-).]. and by Rucklidge ef al. (1975) as 2§Ca.oFe(Fe. Ti.Mn Me Al).- 


(SiO4) o(Siz07)4], and by Rucklidge et a/. (1975) as 2[Ca,5Fe(Fe,Ti,Mn,Mg,Al); 
Al,4Si,;3070(OH,F)s], both having 78 anions per formula unit. 

The disordered arrangement of atoms along the tetrad axis allows speculation 
on the possibility of ordering these atoms; the four sites occupied by half-atoms 
would be reduced to two fully occupied sites, reducing the symmetry of the struc- 


tore Indeed annarent violatinne of PA/nne extinction requirements were noted 
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earlier by Arem and Burnham (1969). 

Optical absorption and Mossbauer spectra of a suite of differentiy-coloured 
vesuvianites were collated by Manning and Tricker (1975) to determine some site 
populations of Fe and Ti ions. In low-Ti vesuvianites more than 90 per cent of 


total iran occurs ac Fe3* in octahedral Al/Fe nositions. but in ervstals with more 
OWEees, AEWA We wetss 1D BAR WW sewsiues CASS Sk Ow PVssbiwatuy a7 ust AAs wt Jum FY AVAL AALN/A Ww 


than | per cent TiO, most of the iron is present as Fe*. At low concentrations of 
total iron (< 3°5% FeO) in these Ti-rich vesuvianites, Fe?” ions occupy preferen- 
tially the five-coordinated B positions but at higher concentrations these sites are 
saturated and Fe?* ions favour the (Al,Fe) positions. Minor amounts of Fe?* 


Fe3t and Titt neeuny eichtecnardinated C sites (see also Manning. 1976) 
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Titanium ions as Ti** are located predominantly on (Al,Fe) sites, with smaller 
amounts in eight and possibly five-coordination. 
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The observation of pronounced asymmetry of certain doublets in the 
Mossbauer spectra of a suite of powdered vesuvianites, coupled with the evidence 
from anisotropic temperature factors and preliminary single-crystal Méssbauer 
data, has led Osborne and Burns (1978) to suggest that both Fe?* and Fe** are 


found in square pyramidal coordination. some Fe?" in eightfold coordination and 


WHAANS BEA GUESS BY 5 CURR AANERAR WWE MAR AEGUAU EL ONEAAY AY BAL WABAAUANZERE VUE UILICULIWAL GALA 


octahedral sites, and some Fe** occupying the octahedral position. These authors 
aiso suggest that the colour and optical spectra of vesuvianite are dominated by 
d-d transitions involving iron in five and six coordinations. 

The occurrence of beryllium-bearing vesuvianites has been recorded from 


several localities and one of the three vesuvianites for which the crystal s structure 


awan 


was determined by Rucklidge ef a/. (1975) contains 1:07 per cent BeO (Table 65, 
anal. 19). The role of Be in the structure is uncertain; although the data are ex- 
tremely meagre it is interesting to note that the cell volume of beryllian varieties 


tends to be rather smaller than average, thus lending support to the possible siting 


of some Re in the SiO, tetrahedra. Many analvses also renort appreciable boron 


some Be in th iO, tetrahedra. Many analyses also report appreciable boron 
(e.g. B2O3 1:22% in anal. 16) though as with Be the structural role of B is uncer- 
tain. Material used for structural analysis by Coda er ai. (1970) contained B20; 
0°30 per cent (anal. 10), but its position in the structure is not discussed, though it 
is placed in the (OH,F) group by Isetti and Penco (1961). Mel’nitskiy (1966) con- 


sidered that B can renlace Al in the structure bet does not enter the SiO, 
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tetrahedra. Serdyuchenko et al. (1968) confirmed that there are very few struc- 
turai vacancies in the Si-O tetrahedra, and suggested that a BO; complex 
replaces (OH); in brucite-like groupings (see Table 65, anal. 13). 

The cell parameters of vesuvianite have been determined on numerous 


specimens (see Table 65); early work by Takané (1933) using single-crystal 
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methods gave a 15°62, c 11° 894 for the optically positive material from Wilui, 

Siberia. A fully indexed X- cay powder diffraction pattern of vesuvianite (a 
15°634, c 11°827 A) has been given by Domanska et al. (1969); see also Murdoch 
and Ingram (1966), who compare the indexed pattern of cerian vesuvianite (Table 
65, anal. 23) with that of ‘ordinary’ vesuvianite from Brazil. X-ray powder data 
for synthetic Mg-vesuvianite gave a 15-600, c 11:829A, i.e. it has an appreciably 
larger dimension that most of the natural samples, possibly because of the ap- 
preciable F content of many of the natural minerals, or their partial dehydroxyla- 
tion (Ito and Arem, 1970). The latter authors also reported the cell parameters of 


a series of synthetic Cu? 2+ , Co?* and Ni?2* analogues: svnthetic and natural (Table 
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65, anal. 18) Cu- bearing vesuvianites have the smallest cell size, while Ti- bearing 
synthetic material had a cell with a 15-606, c 11°829A. A metamict vesuvianite 
(anal. 24) reported to be amorphous to X-rays, was found after heating at 800°C 
for an hour to give the powder pattern of vesuvianite (see also Himmelberg and 
Miller, 198M), The cell dimensions of vesuvianites from various narts of the 
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gehlenite skarns at Kushiro, J Japan, were found to vary considerably; some high 
values (e.g. a 15°73, c 12°00 OA ) were attributed tentatively to high water content 
(Numano et al., 1978). 


Chemistry 


Although from X-ray structural evidence Warren and Modell (1931) considered 
the ideal formula to be Cajo(Mg,Fe)2:Al,S1O; 4(OH,F), the variation from this 
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formula shown by vesuvianite analyses is considerable. This is particularly so 
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with respect to the distribution of Mg and Al. Machatschki (1930, 1932) after 
examining available analyses claimed that the formula X19 ¥;3Z13(0,OH,F)76, 
where X = Ca(Na,K,Mn), Y = (Al,Fe*?,Fe*”,Mg,Ti,Zn,Mn), Z = Si, fitted the 
analytical results better. Likewise McConnell (1939) demonstrated that the 


compositional field of vesuvianite was fairly close to that of garnet and both 


compositional field of vesuvianite was fairly close to that of garnet and both 
Inoue and Miyashiro (1951) and Barth (1963) considered the problem further; the 
latter preferred the formula X ;o-1 Ye+uZ9(O,OH,F)33, where u < i. More recently, 
however, structure determinations by Coda et a/. (1971) and by Rucklidge et al. 
(1975) on analysed material (Table 65, anals. 10, 15, 19) have demonstrated that 


e nreferred from the 


the Warren and Modell formula was in error. The 
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structural work are basically similar: 
Coda et al.: 2[Cai9(Mg,Fe,Al, Ti ,Mn)s5Al,(O, OH), o(SiO4) 10(Si207)4] 
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Ruck LliAges pt TT; AAn 
NUCKIIGZE Cf Ai. cpl agree, ri, ivin, vig, Aijs 1s070(OH, r Ye} 
Thus both formulae are based on 78(0,OH,F) rather than 76 in the earlier ver- 
sion, and both have 19 X and a total of 13 Y cations and differ only in the disposi- 
f 13 cations. Coda ef al. d their analysis on the i 9 


tion of these recalculated their analysis on the basis of 1 
calcium ions whereas Rucklidge et ae alculated their three analyses of struc- 


ns w reca 
turally studied specimens on the basis of 18 silicons. The analyses in Table 65, 
were all recalci lat ed on both these schetres but there seems no obvious reason to 
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deviate from our usual procedure of giving them on the basis of the number of 
anions, i.e. 78(0,OH,F). The ¥ ‘group cations are undivided and from an inspec- 
tion of the 24 analyses represented in Table 65, it can be seen that although the 


formula of Rucklidge ef a/. fits the Canadian vesuvianites studied by them, many 
other natural samples have appreciably less than 1:00 Fe. Thus it is more ap- 
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propriate to give the general formula for the majority of natural specimens of 
vesuvianite aS Caj9(Al,Mg,Fe,Mn,Ti)i3Si;sO070(OH,F)s, or Caj9(Al,Fe)to0- 
(Mg, Fe)3Si;sO70(OH)s. 

Some vesuvianites contain appreciable amounts of Be (Table 65, 
anals. 19-21). The Franklin, New Jersey, material was originally reported to 
contain 9:20 per cent BeO (Palache and Bauer, 1930), but later work showed 
that vesuvianite from this locality in fact contained much smailer amounts, e.g. 
anal. 20, and spectrographic examination of the original material showed only 
0:17 per cent BeO to be present. Silbermintz and Roschkowa (1933) examined 14 


samples from various localities and found beryllium (0-008 to 0°18% BeQO) only 
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in three of them, while Hurlbut (1955) reported a search for beryllian vesuvianite 
which in several hundred analyses gave a maximum of 1°5 per cent BeO. Ina 
Moroccan pyrometasomatic W-Mo-Cu deposit, the traces of Be were found to 


be in vesuvianite, ranging up to 0°6 per cent in dark iron-bearing crystals (Agard, 
1965S). From its ionic radius Re might he exnected to renlace Si. as suggested by 
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Beus. (1957) who gave the formula of vesuvianite as Ca,(Al,Fe,Mg)«(Si,Be). 
(O,F,OH)3,4; this substitution was also followed by Neumann and Svinndal 
(1955). Rucklidge ef al., after determining the structure of the specimen 
represented by anal. 19 with 1:07 per cent BeO, considered that Be is in excess of 


the reoiired comniement of cations 
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The TiO, content of vesuvianite varies considerably, the material of Table 65, 
anal. 17, having 4°73 per cent: the vesuvianites from nepheline-syenite and related 
rocks, as noted by Inoue and Miyashiro (1951), frequently have higher than 
average contents of Al and Ti (e.g. anal. 11). The pink colour noted for some Ti- 


bearing vesuvianites in thin-section may be attributable to the presence of 
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trivalent titanium. Zinc is found in samples from some skarn deposits, while a 
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Table 65. Vesuvianite Analyses 








1 2 3 4 5 6 
SiO, 37:70 37:1 36°6 36°10 36°30 37°80 
TiO, tr. _ _ 0°84 0-63 0:97 
Al,O, 19-30 19°] 17:7 16°42 18°42 16°67 
Fe,0, 0°85 1°53 4:65 2°52 0-74 0-65 
FeO 0°37 _ — 3-27 3°27 _— 
MnQ — — — 0°34 0:31 0-10 
MgO 2-45 2-8 2-2 2-21 2-11 4°89 
CaO 38-30 36:7 35-9 34-78 35-89 35-85 
Na,O — 01 0°25 0°51 _ tr. 
kK,Q — — — 0:02 — 0:12 
F _— _ _ 2-45 — — 
H,O* 0:70 — _ 1-30 2:33 2:58 
H,0- 0-10 _ — — 0:08 — 

17 97°33 97-30 100-76 100-08 100-73 

O=F — _ _ 1:03 _— _— 
Total 99:77 97:33 97°30 99-73 100-08 100-73 
£ 1:707 1-713 1-703 ; 1-708 — 1-714 
w 1:710 1722 1-712 1-711 — 1:718 
d 0-003 0-009 0-009 0:003 — 0:004 
D 3-322 — — — 3-337 — 
aA) — 15-523 15+533 — 15°55 15-406 
cA) — 11-817 11:777 — 11:79 11-663 

Numbers of ions on the basis of 78 (0,OH,F). 
Si 18-668 17-909 | 18:00 178591 ig-o9 17863 _Lig.og 17-7711, 17914] i g.69 
AL — 0-091 0-150) 0-137) 0: aoe 0-086 | 
Al 11°266 | 10:778 10°027 9°440 | 10°402 9:227 | 
Fe* “316 0°557 | 1-705 t 0:937 l 0:272 0-232 
Ti — $13:554 — -13:35 — $+13-33 0-312 113-67 0-232 113-78 0°346 113-26 
Mg __1°809 2-014 1-599 | 1-629 1°538 | 3-453 | 
Fe?* 0°153 | — | — 1353 | 1-338 | 
Mn — | — ] 0183 0° 8) oso] 
Na — 0: 093 19:08 .0°234 Lig.99 0°488 | 19.98 96 
Ca = 20-321 18: 582] 18-760 18-441 18: yo 18-205 sp 
K — — — | 0-012 0-072 | 
F — — — 3 a9 {8°12 
OH _2°312 — — 4:290 | 7-607 9 056 


* Includes BO3~ 0-900 


1 White vesuvianite, in vein with grossular, diopside, tremolite and prehnite, in serpentinite, Georgetown, 
California (Pabst, 1936). Anal. W. H. Herdsman. 

Pale green vesuvianite, cavity in veins with prehnite, diopside, calcite, grossular, etc. in serpentine asbestos, 
Asbestos, Quebec (Ito and Arem, 1970; microprobe anal.). 

Brown vesuvianite, Sanford, Maine (Ito and Arem, 1970; microprobe anal.). 

Dark brown vesuvianite associated with garnet, Kongsgardskogen, Kristiansand, Norway (Barth, 1963). 
Brown vesuvianite, associated with grossular, Gsteinach, Pleystein/Oberpfalz, Bavaria (Tennyson, 1962). 
Lemon-yellow outer portion of zoned vesuvianite (with pink core: anal. 16) with grossular and calcite, roof 
of Talnakh intrusion, Norilsk district, USSR (Khotina, 1968). Includes B20; 1:10. 
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7 8 9 10 11 12 
36°5 36°51 36°25 37°27 36°16 36°36 SiO, 
— — 0:37 O°55 2-49 0°54 Tio, 
16°5 17°74 16°29 16°12 17°59 16°67 Al,O; 
45 3:06 4:4} 4:04 3-91 1:87 Fe,Q; 
— 0°13 0°89 1:03 1°80 3:20 FeO 
(0°05) — 0:07 0:23 0:34 0-30 MnO 
26 4:10 2:77 2°43 0°81 1°81 MgO 
36:5 35°85 35°43 36°77 33-67 35-27 CaQ 
0:15 0:31 0°14 0:15 0:86 0°15 Na,O 
_ — — 0:04 0°13 0-19 K,O 
— — — 0-04 — 1:45 F 
3-15 2°54 3°25 2-18 2:10 1:98 H,Q* 
— — — _ 0:60 H,07 
99-90 100°24 99-87 101°15 99-86 101-08 
— — _— 0:02 — ‘67 O=F 
99-90 100°24 99-87 101°13 99°86 100-41 Total 
1-720 1:7159 1°7212 1°7228 1:7269 1714 £ 
1-715 1:7182 1:7193 1°7246 17311 1-720 w 
0:005(+) 0:0023 0:0019(+) 0-0018 0-0042 0-006 d 
_ 3-342 3-369 3°38 _ — D 
15°65 _— _ 15-565 — — a(A) 
11°85 — _ 11-816 — _ c(A) 
17°695 | 8.99 18°344] 17594] 13.49 18-080 | 17°786 |, 8: an 17°916 1 18-00 Si 
0-305 | — 0-406 | — 0- aa 0-084 | Al 
9°125 ] 10°508 8-915 9-219 | 9-986 9-599 | Al 
1-641 1-157 1-610 I 1°475 1°447 0693 | Fe?* 
— 12°65 — 14:79 0°135 F13°03 0°201 £13°07 0°921 +1369 0°200 13-14 Ti 
1°879 307 | 7003 | 1°756 0- $34 | 1328 | Mg 
— | 0:054 0:362 0:418 0:740 1:318 Fe?* 
— | — | 0-029 0:094 0: | 080 |, O aa | Mn 
0°140 | yo.aq 9300 Laem 0°132 Ly p.eq 0140 0°820 | g.09 O'142 | yo.9¢2 Na 
18:960 [~~ 19°30 | oS" 18425 [°° 77 19-112 17° V 17-745 | a ot Ca 
_ _ — 0:023 0-083 0-118 K 
_ — — 0061 | 5.39¢ — 2260 F 
10°187 8°514 10°522 7-054 6°890 6508 | 9:04 OH 


fT Includes BO}” 0-290 


* Includes 0-055 RE. 
» Includes 0:275 Cl. 


7 Colourless vesuvianite in late fissure in calc-silicate rock at serpentinite- gneiss contact, Totalp, Davos, 


Switzerland (Peters, 1963}. Anal. T. Peters (includes Cr 250 p.p.m., B & p.p.m.). 


8 Light green vesuvianite, Schwarzenstein (Gadeke, 1938). Anal. R. Gadeke. 
9 Yellow to green vesuvianite, Fassatal (Gadeke, 1938). Anal. R. Gadeke. 
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Yellow-green vesuvianite, with garnet and chlorite in cavity in serpentinite, Bric Camula, Ligurian Appenines, 


Genoa, Italy (Isetti and Penco, 1961; includes B20; 0°30). H,O* redetermined and sample used for structure 


determination (Coda et al., 1971). 

Vesuvianite, nepheline-syenite, Almunge, Sweden (Quensel, 1915). Anal. R. Mauzelius. 
Talas Range, northern Kirgizia, USSR (Serdyuchenko et al., 
tr., C1 0-33 (Anal. T. A. Kapitonova). 
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~ Brown or greenish brown vesuvianite, vesuvianiie- garnet skarn as narrow strips in hornfeis, Uzun T ashty, 


1968). Includes B20; 0:06, RE2O; 0°30, BeO 
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Table 65. Vesuvianite Analyses - continued 



































13 14 15 16 17 18 

SiO, 35°64 35-12 37-0 37°36 35-73 36-9 
TiC, «1-08 0:56 0-95 1-65 4°73 0-4 
Al,O; 16-70 17°46 17-0 15-93 12-66 18°9 
Fe,0, 4:92 2-73 4-05 0°65 4:36 el 
FeQ = 0-93 it _ _ 1°55 _— 
MnQ 0-03 0-08 — 0-06 0-07 0-6 
MgO 3-42 4°51 1:79 5-29 2°91 2-2 
CaO 35-03 35°76 375 35-24 35°87 35-8 
Na,O — 0:16 _ tr. _ 0-2 
K,o0 — 0-10 _— O-15 _ 0-01 
F 1-13 _— — _~ tr 1°5 
H,Q* 0-86 2:50 2°46 2°40 2-76 1-41 
H,0° — 0-09 — _ _ 0-03 

100°68 100°18 — 99-95 100°64 100-15 
O=F 0-47 _— _ _ _ 0°65 
Total 100-21 100°18 100°8 99-95 100-64 99°5 
é 1720 1:73 — 1-720 1°736 1-697 
w 1-714 _ 1-716 1-742 1-705 
d 0:006(+) —_ —_ 0:004(+) 0:006 0-008 
D _ _ 3°43 _ 3-408 3-421 
aAy  — — 15-543 15433 — 15-500 
cA) — 11°796 11°654 — 11°773 

Numbers of ions on the basis of 78 (O0,OH,F). 
Si 17°567 | 1.99 17-161 | 13.99 17-911] 8.99 17:871 | 18.99 17:503 | 18.09 18-010 | 
Al 0-433 0-839 | 0-089 [> 0:129f 0-497 — f 
Al 9:27] 9-218 9-613 8:854 6:815 10°875 | 
Fe?* 1824 1-004 | 1-475 0:235 1:602 t 0-405 
Ti 0:400 +14:39  0°206 14:16 0°346 +12:73 0:594. +13:45 1:743 12:92 0-147 £13-32¢ 
Mg _2'512 | 3-284 | 1-292 | 3:771 | 2:125 | 1600 | 
Fe2* 0383 0-452 — | _ 0:636 _ 
Mn 0-012 0-033 | _ 0:024) 0:029) 0-248 | 
Na ~ tigesae O15! Liggg —~  bigsig .—. bi8:86 0188 big-i6 
Ca 18°502 / 18-723 | 19°452 18:063 | 18:828 | “9 18-722 
K — | -062 _— 0:092 | _— 0-006 
F 1761 leancd — ~_ _— 23171 |. 
OH a6 FS 28" 8-148 7-944 8:664¢ 9:018 4-599 | 99! 





© Includes Sr 0:003, RE 0°022. 
* Includes BO3” 0°69. 

* Includes BO}, 1-006 

* Includes Cu 0-295. 


13 Greenish grey vesuvianite, pyroxene -vesuvianite- andradite skarn at granodiorite- limestone contact, Gava 
Say, Kirgizia, USSR (Serdyuchenko ef al,, 1968). Anal. Z. T. Katayeva (includes B20; 0°81, RE2O3 0°12, 
BeO tr., SrO 0°01). 

14 Pinkish red, massive vesuvianite (pleochroic, with w pinkish red, « almost colourless), Magnet Heights, 
eastern Bushveid compiex, South Africa (Willemse and Bensch, 1964). Anal. A. Victor. 

15 Brown vesuvianite, Wakefield, Quebec (Rucklidge ef a/., 1975). Microprobe anal. (Specimen used for crystal 
structure determination ) 

16 Pink vesuvianite, zoned with yellow material (anal. 6), roof of Talnakh intrusion, Norilsk district, USSR 
(Khotina, 1968). Includes B20, 1:22. 

17 Dark brown titanian vesuvianite, Akhmat mine, Shishim Mts, south Urals (Myasnikov 1940). 

18 Blue cuprian vesuvianite (cyprine), associated with thulite, epidote and grossular, @vstebo farm, Sauland, 
Telemark, Norway (Neumann and Svinndai, 1955). Anal. B. Brunn. Includes CuO 0°8, BeO 0:3 (cell 
parameters from Ito and Arem, 1970). 
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19 20 21 22 23 24 

36°6 36°61 36:19 33-0 33:1 35°40 SiO, 
0-19 — tr. 0°34 5:5 2°88 TiO, 
15-7 16°67 13-36 11:2 9°3 14°52 Al,O, 
5°16 3-31 415 331 5°4 4°98 Fe,0, 
_ 2:15 4:06 — 3-59 FeO 
0-50 3°28 4°48 0°50 _ 0:18 MnO 
2-17 2°87 2°42 2:09 3-0 1:19 MgO 
35°6 33°64 32°02 23-80 27°5 32-00 CaO 
0-04 0:17 0°22 0°52 — 0:87 Na,O 
_ — 0:05 0°52 — 0°18 K,0 
2:03 0°91 3-22 _ 0°10 0°47 F 
1-48 0-68 0-60 1-09 1-0 1:96 H,0* 
_ — 0°43 0°15 0-10 _— H,07 

100°54 100°10 100-92 99:41 102°3 100-42 
0°85 0°38 1:36 — _ 0-20 O=F 
99-7 99-72 99-56 99-4] 102°3 100°22 Total 
1-708 1-709 1-711 1-775 1-7498 1:655 £ 
1-712 1:714 1:718 1-795 1°7617 ” 1-661 w 
0-004 0-005 0-007 0-020 0-0119 — d 
3-432 3-375 3-3 — 3-60 — D 
15-516 15°59 _ 15-695 15-97 _— a(A) 
11°769 11-81 — 11-890 11-90 — c(A) 
17-884] 19.99 18-136 | 18°273 | 18-754] 17°976] se.o9 17 806 | 1800 Si 
0°116 { — | _ — oy 0-194 1. Al 
8-929 9°734 7-953 7:504 5-930 8°416 Al 
1-897 1:234 1-578 1-416 2-206 1°886 Fe>* 
0:070 112-48 — 13-27% — 13-00 0-145 113-64" 2-2471+12°81 1-089 +13-79 Ti 
1°580 2°120 1-821 1:770 2428 8-892 Mg 
— — 0-908 1-929 — 1-510 Fe?* 
0-207 1-376 1-916 0°239 _ 0-075 Mn 
0°038 | yg.99 07162 | yo.4q 0°216 0°574 | ios — 19-3g* 0°849 | 10 co Na 
18639 [> 17335 | ‘7 "17-325 14 43 | ae 16°003 | ao 17-247 | ano Ca 
~ 0-032 J 0-376 _ O-115 J K 
3°136 | «0, 1°425 5°142 — ~_ 0:748 L.. F 
4-824 [ 79% 9. 2s | 3°67 5.920 4:132 3-622 eras ft 33 OH 


F Includes Cu 0-096, Zn 0:050. 
s ,, Includes Zn 0°16! (Mn distributed between X and Y groups). 
* Includes Li 0-640. 


J Includes Sb 3-685. 
“ Includes Ce 0°816, other RE 2°565. 
™ Includes RE 0"127, U 0-109, Th 0-060. 


19 Greenish brown vesuvianite near granite contact, Turnback Lake, Great Slave Lake region, North West 


Territories, Canada (Ruckiidge et ai., 


1939). 


1975). Microprobe anal (includes BeO 1:07, also e and w from Meen, 


20 


21 


Rrown prismatic vesuvianite, zine-bearing skarn 


(includes BeO 1°56, ZnO 0° 14, CuO 0° 26). 

Vesuvianite, contact zone limestone- Tertiary acid igneous rock, Iron Mountains, New Mexico (Glass ef al., 
1944). Anal. R. E. Stevens (includes BeO 1:09, ZnO 0°43, B,O3 0°11). 

Greenish yellow antimonian vesuvianite, quartz~wollastonite-stibnite skarn, Bau mining district, Sarawak, 
Malaysia (Bradshaw, 1972). Includes Sb203 15°73, LizO 0°28, CuO 0°01, Cr203 0-01, P20; 0°09, B20; 
0:01, also quartz 1-0 per cent stibnite 1:7 per cent. 
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43 KCGGISN OFOW! CeMan Utanian Vesuvianite, associated witn melanite and perovskite in fissure veins in altered 


greenstone, near Dallas benitoite mine, San Benito county, California (Murdoch and Ingram, 1966). Anal. 
B. L. Ingram (includes Ce2O3 4:1, other RE2O; 12°6, CO, 0°59). 

Metamict vesuvianite, with nepheline and zeolite, alkaline pegmatite, southwest Tuva, USSR (Kononova, 
1961) (includes U3Og 1°00, ThO, 0°53, RE,O; 0°67). 
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copper-bearing variety, cyprine, has been described from hydrothermal- 
pegmatitic deposits (Neumann and Svinndal, 1955; e.g. anal. 18). Chromium- or 
chrome-vesuvianite has been described by Kurbatov (1922); analyses of nine vesu- 


vianites from a Greek iron-bearing serpentinite showed that the matrix vesu- 
vianites are richer in Al Fe3t and Cr (<0-6900, Cr.Q.) than the coarcer vesnu- 
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vianites from veins (Economou and Marcopoulos, 1980). Vesuvianites with an 
appreciabie rare-earth content are known, e.g. anais. 12, 13. Material from the 
Yenisei Mountains (Orlov and Mart’yanov, 1961) has 4°31 per cent RE2O3, with 
Ce making up 48 per cent of the rare earths, followed in abundance by La, Nd 


and Y. Metamict vesuvianites containing U, Th and RE have been reported from 
as VEWLELEEAINEL YU CAALLUN DS WOZEALCHALALL aay eases ah ga waaa 


alkali igneous rocks (Table 65, anal. 24: and Himmelberg and Miller, 1980). A 
cerian vesuvianite with CeO; 4°1 per cent and a total rare-earth content of 16°7 
per cent (anal. 23) has been described from veins in an altered greenstone in 
California (Murdoch and Ingram, 1966). Reinvestigation of this has shown it to 


3+ 
correspond with a general vesuvianite formula, (Ca,RE)i9x (Mg,Fe°*, Mn, Ti, 


Al):3., Siig(O,OH)76 with slight site deficiencies due to the presence of abundant 
rare earths (Crook and Oswaid, 1979); there is a range in totai RE content from 
0°64 to 20°57 wt. per cent. The RE-poor variety is translucent gold to deep red in 


colour with € 1°732, w 1°741; D 3°564-3-°829; @ 15°631, c 11°858 A, whereas the 
RE-rich variety is an onaaue brown-black with « 1 ‘756, wl "762; D 4:074: @ 
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15-932, c 11°896 A. An antimonian variety (anal. 22) is known from a stibnite- 
bearing skarn (Bradshaw, 1972). The minerals described from Morocco as 
genévite (Duparc and Gysin, 1927) and as duparcite (Nicolet, 1932) are both con- 


sidered to be varieties of vesuvianite. 


Annreciable amounts of boron aresom 
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to 2°8 per cent B,O; in the optically positiv uite variety, and with many 
samples showing 0'1 to 0°3 per cent. Oftedai (196 64) found that Norwegian vesu- 
vianites contain 0°04-2:5 per cent B,O;3, and considered that the boron was in- 
troduced from the sedimentary rocks being metamorphosed rather than from the 


magma. The distribution o of boron is often zonal within c crystals of vesuvianite; 


Berzina and Malinko (1971) reported a specimen with 1:2 per cent B2O; in thei in. 
ner zone while the outer zone had only 0°4 per cent, corresponding not only with 
a zonal variation in birefringence but also with the depletion in B of the late-stage 


solutions. Tin has been reported in trace amounts (Eskola, 1951; Khotina, 1968), 
ac hac gine (Qlace ot al 1QAA)\ 


as has zinc (Glass ef al., 1944). 
Vesuvianite both chemically and physically has many points of resemblance to 
garnet rich in the grossular molecule. McConnell (1939) piotted 49 analyses of 
these minerals and showed that the most apparent difference in their composition 
is the relatively greater abundance of (Ca,Mg,Mn,Fe,K2,Na2)O in vesuvianite. 


To this must be added the prevalence of not only (OH) but also in many cases 


fluorine. The variation in chemistry of vesuvianite was studied extensively also by 


Gadeke (1938), and analyses of various Norwegian sampies were documented by 
Barth (1963). 
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Experimental Work 


Although the early syntheses of vesuvianite involved high-pressure apparatus 
(Coes, 1955, reported that the best conditions for its formation were at 10 kbar 
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and 700 °0), it has since been grown hydrothermally at pressures as low as 0°5 - | 
ambhere 


kbar (Christophe- Michel- Lévy, 1960). Christie (1961) found that members of the 
akermanite-gehlenite series broke down to vesuvianite together with 
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Fig. 301. (a) The pressure- temperature diagram for synthetic runs with pure water and an alkali- 
free environment for gel composition Ca,;>Mg,Al,Si;3(OH),.2H,O. (b) Two superimposed isother- 
mal-isobaric sections of partial ACF diagrams showing the stable compositional range for vesu- 
vianite. Dark square = synthetic vesuvianite; black dots represent analyses of natural vesuvianite; area 
encircled by dotted line is the vesuvianite-predominant region and the stippled area is the partially 
superimposed phase region for the Na-free system at 650 °C, 1°5 kbar; area encircled by solid line is 
vesuvianite predominant and shaded area is the partially superimposed phase region for the Na- 
containing system at 550 °C, 2 kbar (after Ito and Arem, 1970). 


hydrogrossular and wollastonite after being held at 6°7 kbar and 509°C for 10 
weeks. The earlier reports of the hydrothermal formation of a Mg-free vesu- 
vianite (Rapp and Smith, 1958; Christophe-Michel-Lévy, 1960) were not confirm- 
ed by Ito and Arem (1970) who studied the kinetics of hydrothermal crystalliza- 
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tion of vesuvianite in some detail. The P- T stability field with pure water in the 
sodium-free system is wide (Fig. 301a): at 2 kbar P,, ,, vesuvianite is stable over 
the range 450-720 °C; in a strongly alkaline environment the temperature range is 
reduced by about 20°C. Thus it appears that vesuvianite can be stable at 


temperatures as low as 360°C at 500 bar and will remain stable up to 800°C and 


temperatures as low as 360 500 bar will remain stable up to 800°C and 
10 kbar. At temperatures below the vesuvianite field, hydrogrossular and 
hydrated calcium silicates such as xonotlite or vuagnatite are to be expected or, at 
higher pressures, diopside; grossular may appear at the high-temperature 


equilibrium boundary. The phases identified in the compositional ranges studied 
by Ito and Arem (1970) are shown in Fig. 301(b), and are wollastonite, diopside, 


aewasae 


monticellite, grossular, melilite, and xanthophyllite for runs at 650°C and I: 5 
kbar using Na-free gels or, for the Na-containing system at 550°C and 2 kbar, 
grossular, diopside, monticellite, and xanthophyllite; calcite is stable with all of 
these assemblages. The Ni, Co, Cu, Mn, and Ti analogues of vesuvianite were 


also synthesized, though the Zn and Be analogues were not obtained. 


The qualitative kinetic studies by Ito and Arem (1970) showed that the rates of 
growth and nucleation of vesuvianite are strongly dependent on temperature and 
pressure, as well as on composition. In some natural skarn assemblages at ig- 
neous contacts with magnesian limestones a zonal assemblage is developed; at 
Crestmore, California, for example Burnham (1959) described monticellite, vesu- 
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vianite and garnet zones and attributed the variation in mineralogy not to grada- 
tion in P- 7 conditions but to differences in the intensity of metasomatism as 
reflected by the differing contents of Si, Al, Fe and Mg in the three zones. The ex- 


perimental results of Ito and Arem (1970) tend to support this conclusion, for ex- 
ample the transition from the garnet to the vesuvianite zone could result from an 


increase in the activity of H,0; metasomatic grade might well be related to the 
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(Al, Fe**)/(Mg,Fe?") ratio, with the Ca/Si ratio remaining virtually constant. 

Investigation of the upper thermal stability limit of a synthetic vesuvianite with 
composition Ca,;g3MgsAlioSi:sO70(OH)s, @ 15°604, c 11°825A, indicated 
equilibrium conditions: 0:2 kbar, 765°C; 0°5 kbar, 820°C; 1:0 kbar, 870°C; and 
2:0 kbar, 905 °C at P,,, = P total (Olesch, 1978). Preliminary results concerning 
its stability in the presence of CO 2 show that at X.9, 2 0°5, vesuvianite is 
unstable. The vesuvianite-quartz assemblage breaks down to wollastonite + 
diopside + anorthite + HO along a univariant reaction curve located at 0°5 kbar, 
515°C; 1:0 kbar, 535°C; 2:0 kbar 500°C. These last conditions also represent an 


invariant point involving grossular, and at higher P,, , vesuvianite decomposes to 
diopside + grossular + H20. Olesch (1978) reports that the univariant curve has a 
negative slope and passes through 3°5 kbar, 515°C; 5:0 kbar 490°C. Further 
work is clearly needed, however, taking into account the several compositional 
variables in vesuvianite, in particular the variations in the Y group cations, before 
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the possible true extent of the stability field of this phase i is accurately known. 
Heating the metamict vesuvianite of Table 65, anal. 24, to 800°C caused it to 

crystallize, but on further heating to 900- 1000°C it was converted to garnet 

(Kononova, 1961). The differential thermal curve for vesuvianite may be ex- 


pected to vary with its composition: for material from Vesuvius, McLaughlin 
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(1957) has shown that the water is lost over the large temperature range of 
572-845 °C; this is sometimes followed by a smaii exothermic peak believed to 
represent recrystallization of an amorphous constituent formed during decom- 
position. The material of Table 65, anal.7, for which DTA and TG curves are 


featured by Peters (1963) showed little reaction until an endothermic peak with a 


maximum at 980 °C, The metamict material (anal. 24) showed a DTA peak with 
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maximum at 900- 1000°C (Kononova, 1961). The lower stability of fission tracks 


in vesuvianite compared with those in biotite, Ral net OI epidote is attributed to 
the lower lattice energy of vesuvianite (Haack, 1976, 1977). 


Optical and Physical Properties 


In general an increase in the refractive indices of vesuvianite may be related to in- 
creasing amounts of titanium and iron. From Table 65 it will be seen that the 


values vary from € 1°707, w 1°710 for material (anal. 1) with 1:2 per ¢ cent (Ti02 + 

Fe,0; + FeO) to€ 1°736, w 1°742 for anal. 17 with 10°6 per cent (TiO, + Fe,0; + 
FeO): vesuvianite from Monte Somma has w 1‘705 (Pieruccini, 1950). The blue 
copper-bearing variety, cyprine, appears to have the lowest refractive indices, the 
material represented by anal. 18 having € 1°697, w 1°705, though synthetic magne- 
sian vesuvianites have been recorded with mean refractive indices 1°695- 1° “699 
(Ito and Arem, 1970). The dispersion of the refractive indices for the vesuvianite 
from Bric Camula (anal. 10) were determined by Isetti and Penco (1961) for 
480-680 nm; the dispersion of gem quality vesuvianite from Canada (w 1°7080, 
D 3:385) was determined by Payne (1939) to be 0:019 for red to violet. The bire- 


fringence appears to decrease with increase in (OH) content. In some vesuvianites 
the decrease in birefringence (and in the € index) is sufficient to make them almost 
isotropic or even optically positive as in the variety wiluite. From an examination 
of vesuvianites with B20; 0°04 - 2°5 per cent, Oftedal (1964) found that those 
with less than 0°5 per cent B,O; were optically negative whereas those with more 
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than | per cent B:0; were optically positive. This i is confirmed by vesuvianites 
(anals. 12, 13) studied by Serdyuchenko et ail. (1968) and by the core (anal. 16) of 
the zoned material from the roof contact of the Talnakh intrusion (Khotina, 
1968); the outer portion of this zoned vesuvianite is optically negative although 
containing B2O; 1°10 per cent (anal. 6). In this occurrence it is the pink optically 
positive core which is locally biaxial with 2V 20° - 30°, whereas Sandréa (1950) 
described zoned vesuvianite from Morocco in which the central pink portion of 
each grain is uniaxial and negative and the outer yellow zone is biaxial positive 
with 2V 63° - 65°. In biaxial varieties the optic axial plane is perpendicular to 
(110): basal sections may show four diagonal sectors with the O.A.P. perpen- 
dicular to the - edge in each sector. The optically positive wiluite variety from the 
Wilui River, East Siber ia, shows a clear ly defined zonal arrangement in thin sec- 
tion in polarized light; Prendel (1889) found that on heating, the biaxial core 
became uniaxial. It is to be noted, however, that optically positive vesuvianites 
are known in which no appreciable boron has been recorded (e.g. anals. 7, 9). 
What appears to be lamellar twinning has been found in some vesuvianites such 
as the beryllian variety from Franklin (anal. 2 20) and the brown vesuvianites from 
Sanford, Maine (anal. 3), and a thin section of vesuvianite from Lupikko, 
Finland, was described by Eskola (1951) as having ‘chessboard structure’ and 
seen to contain thin chlorite layers interleaved between layers of vesuvianite. The 
wiluite from East Siberia always contains small inclusions of birefringent 
grossular and Zabinski (1963a) has noted intimate intergrowths of grossular and 
vesuvianite to give a hydrogrossular-like material. For further descriptions of the 
diversity of optical effects shown by vesuvianite and a review of earlier literature 
see Arem (1973). 


Vesuvianite with low birefringence may be positive for one wavelength and 
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negative for another and may exhibit anomalous biref ringence ¢ colours: often an 
intense ‘Berlin’ blue is seen which is quite distinct from the blue of N on’ 
scale. 

The variation of the physical characters of vesuvianite with the various ionic 
replacements possible in the structure was investigated by Gadeke (1938) with the 
aid of nine new analyses and others taken from the literature. Troger (1971) gives 
a determinative diagram relating the weight percentage HO and (TiO, + Fe,0; + 
FeQ) with the birefringence and refractive indices, respectively: in most cases this 
fits the data fairly well but there are sufficient anomalies, possibly in the optics, 
in recent determinations to make caution necessary. The specific gravity of the 
mineral appears to bear some relationship to the content of iron and titanium (see 
Table 65). The colour of vesuvianite appears to be controlled mainly by the 
amount and state of oxidation of the iron or titanium present: the almost col- 
ourless vesuvianite of Table 65, anal. 1, is low in iron but coexists with green 
vesuvianite with Fe.0,; 0°80, FeO 1°64 (€1°710, w 1:713), while the material of 
anals. 8, 9, 10 (Fe2O; 3°06, 4°41, 4°04%) is yellow to green. Appreciable titanium 
(anals. 4, 6, 17) produces a deep brown colour whereas those vesuvianites with a 
pinkish brown tint in thin section may contain appreciable Ti’*. The copper- 
bearing variety, cyprine, is blue or greenish blue. An olive-green massive sub- 
translucent variety which takes a high polish like jade has been termed californite 
(Kunz, 1903), and the so-called ‘Transvaal-jade’ in Yakutia has been shown to be 
massive vesuvianite (Zabifiski, 1966) rather than hydrogrossular as believed 
earlier. A detailed examination of the optical absorption spectra of some 
titanium-rich vesuvianites by Manning (1975) has shown that their colour and 
pleochroism arise mainly from Fe?* > Ti** and O > Fe charge-transfer processes; 
the UV-centred background absorption is polarized and together with the absorp- 
tion at around 23000 cm™' is responsible for the yellow and pinkish brown col- 
ours and pleochroism of these titanian vesuvianites (0°90 - 3:00% TiO2). Further 
work on optical absorption together with MOssbauer spectral studies on iron- and 
titanium-bearing samples enabled Manning and Tricker (1975) to determine the 
site populations of Fe and Ti ions. Green vesuvianites (Manning, 1976) were 
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Fe?* interaction and to Fe** in octahedral coordination. The infrared spectra of 
five iron-bearing vesuvianites in the OH-stretching region were recorded by 
Zabinski (1971); see also Klimov ef al. (1960) and Morandi et a/. (1979). 
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Distinguishing Features 
The tetragonal form of vesuvianite together with a zonal arrangement of colour 
may be distinctive and the high relief and low birefringence are characteristic, the 


latter distinguishing it from epidote. The lack of cleavage i in vesuvianite aids in its 
distinction from zoisite, while andalusite has lower refractive indices and higher 
birefringence. It may be difficult to distinguish from grossular garnet, although 
grossular usually has a slightly higher refractive index and greater specific gravity 


and, in skarn occurrences, occasional well-developed crystal forms may enable 


these minerals to be differentiated. The distinction from hydrogrossular may be 
more difficult in the absence of any distinctive crystal form of vesuvianite or its 
greenish or yellowish brown colour; the vesuvianite may have a higher refractive 
index, but both minerals may show ow or anomalous birefringence: an X-ray 


powder pattern may be necessary for a positive distinction. 


GALL ARIAT US PESO IM 415 


Vesuvianite 713 


Paragenesis 


The principal mode of occurrence of vesuvianite is in contact metamorphic zones 
associated with limestones where it commonly occurs with garnet, diopside, 
wollastonite, etc., but it is also found in regionally metamorphosed limestones 
and appears to be stable over a wide range of metamorphic temperatures (see Fig. 
301). It is also found in veins associated with mafic rocks and serpentinites, in 
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garnetized gabbros (rodingites), and in nepheline- “syenites. 

Vesuvianite is a fairly common constituent of skarn assemblages as at Franklin 
(Table 65, anal. 20), at the Lupikko ore deposits (Eskola, 1951) and in Skye 
(Tilley, 1951). Other descriptions of its occurrence in skarns (or tactites) include 


those of New Mexico (Jahns, 1944; Glass et a/., 1944), Montana (Holser, 1950), 
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and California, whence Crowley (1974) described it associated with l6llingite in a 
contact metasomatic deposit in a tungsten mine where a I m thick zone of black 
vesuvianite runs parallel to and 3 m distant from a marble- granodiorite contact. 
The intrusion of alkali gabbro into limestone of the Christmas Mountains, in the 
Big Bend region of Texas (Joesten, 1974), has produced a narrow reaction zone at 


the contact “comprised of. nepheline pyroxenite and a zoned calc-silicate skarn; 

against the pyroxenite there is a zone of vesuvianite + woliastonite, rimmed by a 
zone of melilite + wollastonite. The boundary between these two zones is general- 
ly sharp and planar but along fractures replacement of melilite by vesuvianite has 
occurred with preservation of grain shape and cleavage; Ca, Mg, Fe, Al and Si 
are equally partitioned between the two minerals but Na is depleted by a factor of 
2 - 50 in the vesuvianite. Vesuvianite- bearing caic-silicate skarns in Donegal 
have been described in detail by Pitcher (1950) and Whitten (1951), and most of 
the vesuvianite from the contact of limestone with igneous rocks at Carlingford, 


Ireland, is attributed to pneumatolytic action (Osborne, 1932), as at Marulan, 


New South Wales (Osborne, 1931). ‘Skarn vesuvianite is also represented by that 
of anal. 12 (Table 65) and by the so far unique antimonian variety (anal. 22). 
Drever (1936) has recorded its occurrence in symplectite-bearing nodules in a 
marble in contact with a diorite, the nodules representing impurities in the 
original calcareous sediments. Here the introduction of volatiles from the magma 


led to a considerable degree of molecular mobility, and migration of CaO and 
SiO, has brought about the formation of vesuvianite at the expense of augite and 
scapolite. The association of vesuvianite with helvite, (Mn,Fe,Zn)sBe¢Sis024S2, 
has often been noted (Fischer, 1926; Glass et al., 1944). ‘Nests’ of yellow and 
green vesuvianite have been found in xenoliths of anorthosite in granite 
(Chumakov ef al., 1948), and the vesuvianite of anal. 14 is from a ‘vesu- 
vianitsfels’ formed from a large (170 x 100 m) inclusion of carbonate rocks in the 
main zone of the Bushveld complex (Willemse and Bensch, 1964). 

Although many vesuvianite occurrences are due to simple contact metamor- 
phism of impure limestones, in other cases it is often difficult to make a critical 
assessment of whether or not any metasomatic or pneumatolytic additions were 
also involved. Compositional differences in the original limestone may be 
reflected in the different minerals in the banded metamorphic rocks or the latter 
may be attributable to the rhythmic addition of new material. In the calc-silicate 
hornfelses at Bunbeg, Co. Donegal (Whitten, 1951), compositional differences in 


the original limestone are reflected i in distinct bands of grossular and vesuvianite, 
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intimately WLC ETOWN, set in Gidpsiae — WOuastonite — calcite marbles. 

however, porphyroblastic vesuvianite has developed metasomatically around 
diopside without disturbing its position. Ostensibly straightforward contact oc- 
currences could include those represented by anals. 6, 16, 18 and 19, but the vesu- 
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vianites of the last two both contain beryllium and that of anal. 18 i is also copper- 
bearing, suggesting a typical non-equilibrium assemblage. The vesuvianites 
of the western Rila Mountain, Bulgaria (Breskovska and Gabrovska, 1964), in 
addition to having the usual accompanying phases wollastonite-diop- 


side- grossular—epidote, occur with scapolite, again suggesting a metasomatic 
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paragenesis. Contact metasomatized limestone septa (now magnesian tactites) 
have been described within mafic plutonic rocks of the Bouider batholith, Mon- 
tana; these tactites contain vesuvianite associated with fassaite, spinel, grossular 


and clintonite (Shedlock and Essene, 1979). From a study of a calc-silicate horn- 
fels at Queanbeyan New South Wales, containing abundant vesuvianite with 
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minor wollastonite and calcite, Vallance (1974) concluded that vesuvianite 
stabilized in caicareous rocks at medium grades of contact metamorphism only 
when the vapour phase has a high H,O content. As noted earlier, the composition 
field of vesuvianite closely resembles that of grossular and the controlling factor 
as to which mineral will actually crystallize may be the relative activities of H,O 
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and CO,. A common association in calc-silicate metamorphism can be 
represenied by the equation: 
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grossular diopside monticellite calcite 
=2 Cai9Al,;oMg3Si1s070(OH)s + 3Si0, +2 CO, 
vesuvianite quartz 


From such an equation it can be seen that vesuvianite stability will tend to in- 
crease with increasing water and decrease as the activity of CO; rises (as suggested 
by Ito and Arem, 1970). 

The occurrence of vesuvianite in regior ial m sm ha: ‘ 
from the Loch Tay limestone of the Scottish Highlan illey, 1927), and in New 
Hampshire where it occurs in a series of slates, phyllites shists with occa- 
sional layers of calc-silicate rock (Stewart, 1939, 1941). Chatterjee (1962) studied 
the vesuvianite - epidote paragenesis as a product of greenschist facies regional 
metamorphism in the Alps and this type of occurrence was also studied by 


Braitsch ‘and C atterjee (1964) who describe similar associations in albite - 
epidote hornfel S from the Harz Mountains and in hornblende hornfels from the 
Oslo district, emphasizing that vesuvianite is a characteristic low-temperature 
phase in such calcareous rocks irrespective of pressure. 


Vesuvianite also occurs in veins associated with basic and ultra Pasic rocks, 


rodingites (e. g. Miles, 1950). Other OcCUTrre;»nces of vesuvianite in rodingites hav C 
been noted by Zabinski (1963b) from New Zealand, and from Turkey (Sarp et al., 

1976) where it is found associated with prehnite, hydrogrossular, chlorite, and 
vuagnatite in a rodingitic dyke in an ophiolite zone in the Taurus Mountains. Ex- 


amples of vesuvianite in veins in serpentinite include those of Table 65, anals. 1, 2 


and 10; similar types of OCCUTICNnce involving a contact relationship betwen gab- 
bro and serpentinite have been described by Peters (1963), see anal.7, and Heflik 
(1967) who invoked a complex series of reactions by which tremolite was con- 
verted to zoisite by an increase in CaO and H,Q; this was later transformed by a 


decrease i in temperature to grossular then to clinozoisite and finally, with the ad- 
dition of further C CaO," to vesuvianite. 

Several occurrences of vesuvianite have been reported from nepheline-syenite 
and related rocks | as at Almunge, Sweden (Quensel, 1915), Iron Hill, Colorado 


(Larsen and Goranson, 1917), Seiland, Norway (Barth, 1927), southwest Tuva 
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(Kononova, 1961), and Fukushinzan, Korea (Inoue and Miyashiro, 1951); it is 
also known from the nepheline gneiss complex near Egan Chute, Ontario 
(Osborne, 1930). Inoue and Miyashiro have demonstrated variations in the 
chemical composition of vesuvianite of the three modes of occurrence - 
metamorphosed calcareous rocks, nepheline-syenites, and veins and pockets in 
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ultrabasic rocks (see also Himmelberg and Miller, 1981). 
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Colour: Normally colourless or white, also yellow, brown, greyish green, 


bluish green; colourless in thin section. 
eochroism: In thick sections coloured varieties may be pleochroic with a@ pale 
brown or pale yellow, 8 brown or greenish, y dark brown or blue. 
Unit cell: a 7°48, b7:°67,c5:77A; V331 A®. 
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Mepe fe rerre 


Insoluble in acids: decomposed by fusion with alkali carbonates. 


Sillimanite is the high-temperature polymorph of Al,SiO;, and is found in high 
grade thermally or regionally metamorphosed pelitic rocks, typically occurring in 
slender prismatic crystals and fibres. The mineral was named in 1824 after Pro- 


fessor Benjamin Silliman of New Haven, Connecticut: the name fibrolite, com- 
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monly used in older texts as _being synonymous with sillimanite, refers to the 
fibrous habit of this variety, though it has recently been demonstrated that some 
fibrolite is a fine-grained intergrowth of sillimanite and quartz. Bucholzite, named 
after Professor C. F. Bucholz, a German chemist, is also fibrous and probably a 


variety identical with fibrolite. 


Structure 


The cell dimensions and space group were determined by Mark and Rosbaud 
(1926), X-ray powder and single-crystal data being given by Wyckoff et a/. (1926) 
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and by Agrell ‘and Smith (1960). The structure of sillimanite was determined by 
Taylor (1928), with later revision by Hey and Taylor (i931), and a three- 
dimensional refinement by Burnham (1963); see also Durovié and Davidova 


(1962) and Durovié (1963). It has chains of aluminium - oxygen octahedra parallel 
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Fig. 302. Projection on (001) of the refined structure of sillimanite showing cation- anion bonds. 
The z coordinate of each atom is given beside its designation (after Burnham, 1963). 
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to the z axis (Fig. 302). Within the chains, octahedra of 6 oxygen ions around Al 
share edges with neighbouring octahedra on either side. The lateral linkage be- 
tween octahedral chains is made by a double chain of tetrahedra containing alter- 


nately Si and Al in fourfold coordination. The aluminium in sillimanite is thus 
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half in octahedral coordination, with an Al-O distance of 1:9] A, and half in 
tetrahedral coordination, with an Al-O distance of 1:77 A. The distribution of Al 
and Si in the tetrahedra is not random; they alternate in each half of the double 
chain, and Si opposes Al across each O, linkage between chains (Fig. 303). A fur- 


ther ctructural refinement using neutron diffraction techniques was renorted bv 
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Finger and Prince (1972). The distinct chemical environment of the Al and O sites 
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(a) (b) 
Fig. 303. View of the structure of sillimanite at right angles to the chains of octahedra and 
tetrahedra: (a) octahedrai chain; (b) a four-membered ring of Si and Ai ietrahedra which when con- 
tinued vertically forms double chains of alternating Si and Al tetrahedra (after Burnham, 1963). 
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was expected to cause shifts in atomic core-electron binding energies; however, in 
preliminary work using X-ray photoelectron spectroscopy (Raymond and Virgo, 

1972) these were not observed. The energy difference between the Al and O atoms 
in sillimanite, andalusite and kyanite were determined by Siivola (1971). A plot of 


cell narameters of analvsed sillimanites and mullites against their Al,O, content 
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reveals a discontinuity at about 58 mol. per cent Al,O; implying that a subtle dif- 
ference exists between the superstructures adopted by each mineral (Cameron, 
(1977b). The arrangements of chains of octahedra in the three Al,SiO; polymor- 
phs are illustrated in Fig. 304. 


Refinement of the structure of sillimanite at temperatures up to 1000 °C show 
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ed that the unit-cell dimensions vary linearly with temperature (Fig. 305). The 
long Al,-O, bonds in sillimanite (and andalusite) are considerably more ex- 
pandable than the other octahedral Al-O bonds and determine the direction of 


maximum unit-cell expansion (Winter and Ghose, 1979); the chains of fully 
stretched tetrahedra restrict expansion in the z direction 
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The nine elastic constants of sillimanite were determined by Vaughan and 
Weidner (1978) who related the greater stiffness parallel to the z axis to the crystal 
structure; the shear moduli can be directly correlated with the relative rigidity of 
the cross-linking polyhedra. 


Although in general terms sillimanite has been considered the ordered phase 
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(whereas mullite is disordered), suggestions have been made concerning the 
possibility of Ai-Si disorder and non-stoichiometry in sillimanite (Burnham, 
1963; Anderson and Kleppa, 1969; Zen, 1969) and a detailed model for AlI-Si 


disorder was elaborated by Holdaway (1971). The implications of such ordering 
of the tetrahedrally coordinated Al and Si are discussed by Greenwood (1972) (see 


the tetrahedrally coordinated Al and Si are discussed by Greenwood (1972) 
also section on experimental work, p. 727, and Fig. 306), "who considered that. the 
processes of ordering and disordering are likely to occur by homogeneous diffu- 
sion rather than by nucleation of domains. Fibrolite-bearing sillimanites give 
identical X-ray powder diffraction patterns to those of pure sillimanites but with 
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Fig. 365. Unii-ceii dimensions and volume of sillimanite as a 


and Ghose, 1979). 
slight line broadening. Detailed petrographic examination led Holdaway to sug- 


gest that fibrolite differs from coexisting sillimanite in having slightly lower 


refractive indices (y 2 1-656) and that it represents a protosillimanite and might 
well contain excess SiO, and water and possess AI-Si disorder. Cameron and 
Ashworth (1972) concluded from electron diffraction and infrared spectrometry 
of numerous specimens of sillimanite and mullite that sillimanites and fibrolites 


Lh ad 
showed no appreciable signs of disordering and that certainly fibrolite does not 


differ in its ordering scheme from coarser grained sillimanite, though their use of 
the relative intensities of /-odd and /-even reflections as a criterion to infer an 
ordered Si/AI distribution was challenged by Sahl and Seifert (1973). The unit- 
cell dimensions of numerous sillimanites (and mullites) are given by Agrell and 


Smith (1960), Aramaki and Roy (1962), and Hariya ef al. (1969). The true nature 


of fibrolite was demonstrated by Bell and Nord (1974) who showed that the 
fibrous zones within the Brandywine Springs sillimanite, Delaware, contain 
sillimanite lamellae in a quartz matrix. 

The aluminosilicate phase found in a xenolith from the Asama volcano, Japan, 


ad tn he 
and believed to be a non-stoichiometric sillimanite (A {Ar ramaki, 1961) w was shown b by 


Cameron and Ashworth (1972) to be deficient in Si by only 1:5 mol. per cent 
(Table 66, anal. 13), corresponding with a replacement of 4 per cent of the 
tetrahedral Si by Al, assuming that all the Fe is in octahedral coordination. 


Chemistry 


Sillimanite is fairly constant in composition and is relatively pure Al,SiO;: the 
commonest ion replacing aluminium in the structure is ferric iron (Table 66). The 
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small amounts of some other elements sometimes reported, notably calcium and 
the alkalis, are most probably present in impurities. Studies of the minor elements 
in sillimanite include that of Okrusch and Evans (1970) who determined Cr20Os;, 
V.03, Fe2O3, TiO. and MgO in 13 sillimanites (e.g. Table 66, anal. 8) and 


who showed that in andalusite-sillimanite pairs Cr and V have a tendency to 


favour sillimanite. Earlier Pearson and Shaw (1960) included three sillimanites in 
their study of trace elements in the Al,SiO; polymorphs, and reported t that there 
was a tendency for B, Be and Ba to be concentrated in sillimanite with values up 
to 170, 25 and 77 p.p.m., respectively. Chinner et a/. (1969) reported electron 


probe measurements on ’ four sillimanites and demonstrated that the only 


elements i in amounts greater than 0-01 per cent were V, Cr and Fe with only Fe oc- 
curring in amounts greater than 0:4 per cent (see also Albee and Chodos, 1969). 
Minor element analyses for four sillimanites (with major elements also for three 
of them, e.g. Table 66, anal. 7) were given by Dodge (1971), confirming that only 


V, Cr and Fe occur in appreciable amounts; the small amounts of CaO and P20, 


probably represent impurities. Electron probe analyses for Al, Si, Fe and Ti on 32 
sillimanites (e.g. anal. 1) were reported by Kwak (1971b). All these analyses 
reveal that the phases studied are within fairly close limits pure Al2SiOs, in- 
dicating that the possible occurrence of sillimanite- mullite solid solutions in 


natural environments (Aramaki, 1961) need not be considered greater than 3-4 


per cent. (See also Hariyaetal., 1969; Zeck, 1973; Kwak, 1973). 

Thermodynamic considerations have ied Grew (1978) to predict that the iron 
content of sillimanite coexisting with quartz and hematite should increase with 
temperature, the Fe** substituting for both Al and Al. The limited data for 


natural cscamnlec are concictent with thice thic cillimanite accnciated with 
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titaniferous hematite in granulite facies rocks from Wilson Lake, Labrador (x = 
0:017-0°018) and Labwor, Uganda (x = 0:013-0-°015) is richer in iron than that 
found with titaniferous hematite in amphibolite-facies rocks from Taos, New 
Mexico (x = 0:007) and Glen Clova, Scotland (x = 0:011; Chinner ef a/., 1969), 


taking the formula for sillimanite as (Al,, Fe2*)SiIO;. A study of natural 
a Was AEGCAL UGA UAE 
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sillimanites with Fe,0; © 1:S wt. per cent by Mossbauer and optical absorption 
spectroscopy showed that both Fe?* and Fe** are iocated in the octahedrai Al, 
position (Halenius, 1979). 

Small amounts of absorbed and entrapped water are found frequently in the 


fine fibrous mass of crystals developed in the variety fibrolite: a transparent gem 
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quality sillimanite, however, was reported to show bands in its infrared spectrum 
attributable to OH stretching vibrations (Wilkins and Sabine, 1973; see also 
Beran, 1970). 


A member of the sillimanite- mullite solid solution series with a chemical com- 
position ( (Tahle 66. anal. 12) midway hetween that of cillimanite and 2° 2? mullite 
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(and a halved c cell parameter) occurs in a metamorphosed lithomarge from 
Rathlin Isiand, Northern ireland. It is perhaps best described as an aluminous 
sillimanite (Cameron 1976a), with the implication that the change to the mullite 


domain structure is at a greater AI/Si ratio. The recognition of three 
eilimanite— mullite assemblages of widely differing naragenecec hit in which the 
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two aluminosilicates are in apparently stable coexistence is interpreted as evidence 
for the presence of a miscibility gap between the two phases (Cameron, 1976b). If 
the mullite solid solution series is represented by the formula Al4g+2Si2-2O10-x, 


where x is the number of possible oxygen atoms missing per unit cell (Cameron, 
1977a), the miscibility gap is between x < 0°04 (sillimanite) and x = 0-17 (siliceous 
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mullite). There appears to be complete solid. solution between sillimanite and 
wae, * ws 44 . at eon 1 1 ~ * - pend . . ast: 
mullite when Fe”, in the virtual absence of Ti, replaces [Al]°; but where Ti 1s 
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Table 66. Sillimanite Analyses 









































1 z 3 4 5 6 

SiO, 37°37 37°08 35°84 36°61 36°8 37°05 
-Al,O,; 62°69 63-11 63°36 61°54 62°4 62°33 
TiO, 0:00 _— tr 0:22 0-02 0:00 
Cr30; _ ~ —_— — — 03 —_— 
Fe,0,; 0-05 0-09 0:13 0:22 0:30 0°60 
MnO — — <0°02 _ _— 0-00 
MeN - _— _ <0°1 0:04 <0°02 0:00 
CaO — — <0°1 0°40 — 00 
Na,O _— — 0°20 0:06 — —_ 
K,0 _ —_— _ 0:02 0°25 — _— 
H;0* _ — 0°43 0°33 —_— n.d. 
H,O- _ _— 0°00 0-11 — n.d. 
-Fotal 100-11 100°28 ~~ 100-20 99°93 99°6 59°98 
Qa — 1°657 1-658 1°655 _— _— 

B _— — _— — _ —_ 

Y — 1°677 1:678 1°673 _— _— 

d _ 0-020 — 0-020 0:018 —_— —~ 
2v_ ~~ 25°~30° 25° —_— —_ — 
D — —_ 3°255 _— —_— —_— 

Numbers of ions on the basis of 20 (O) 

Si 4:026 3°950 3°894 3°991 3°992 4:005 
Al 7-962 8-005] 8-114] 7-910] 7-981] 7-944 | 
-f =f Sf lpm 
Vv — — —_ — — _— — 
Fe>* ~~ 0-004 0-007 0:010 0°018 0-024 0:048 
Mg — +7°97 — +8-01 _— Ls 17 O 006 8:06" — F801 — +7:°99 
Ti —_— _ —_— 0-018 0-002 — 
Na — | — | 0-040 0 012 _ | — | 
Cc — _— — 0:047 —_ _ 

K ~} =] oo} oos| |] | 
* Includes Fe?* 0-013. 

1 Sillimanite inclusion (5 cm long) in olivine- pyroxene lava (Kwak, 1971 b: no. 31). Microprobe anal. 

2 Sillimanite, Delaware County, Pennsyivania (Bowen ef ai., i924). 

3 Fibrous sillimanite, Brandywine, Delaware Co., Pennsylvania (Aramaki and Roy, 1963). Anal. H. Haramura 


a 


nA 


and T. Katsura; a 7'481, b 7:672, c 5°769 A. 

Fibrolite, fibrolite-muscovite-quartz-iron-oxide schist, Broken Hill, New South Wales (Pearson and Shaw, 
1960). Anal. D. Thaemlitz (includes FeO 0°14, F 0°02, less O = F 0°01). 

Fibrolite, quartz-plagioclase-biotite-muscovite-andalusite-sillimanite metapelite, Dalradian schists of northeast 
Scotland (Cameron and Ashworth, 1972): micro probe analysis; a 7°4844, b 7°6723, c S:‘7701A. 

Siliimanite, enstatite-sillimanite-cordierite-quartz rock, pyroxene-granulite facies terrain northeast of 
Beitbridge, Rhodesia (Chinner and Sweatman, 1968). Microprobe anal. by T. R. Sweatman. 


Sillimanite — 725 



































7 8 9 10 11 12 13 
36°5 36°6 36°44 37°4 36°72 32°9 35-6 SiO, 
61-4 62:8 61°80 60°3 61°87 64:8 61°5 ALO, 
0°04 _— 0:00 — 0:28 0:08 TiO, 
0-09 0:04 — — — 0:04 Cr,0,; 
0-08 0-02 _ — — — — V,0; 
0°67 0:79 0-98 1-15 1:22 2:0 26 Fe,0,; 
— — 0°04 0:01 — — — MnO 
0-08 — 0-24 0°03 0:16 _ 0:07 MgO 
0°62 — 0-07 _ 0°12 — _— CaO 
_— _ tr. — — _ — Na;,O 
— — 0-00 — — _— a K,0 
0:72 — — _ 0°24 ~ — H,0* 
— — — — — _ _— H,07 
100°49 100-25 100:03 98-89 100°35 100-0 99-9 Total 
_ _ _— 1-659 — _— ~— a 
_ — — — — — — B 
_ — — 1-680 _ _ — Y 
— — — 0-021 — _ _— é 
— — _— 22° — _ _ 2v, 
— _ — — — — —_ D 
3-981 3-952 3-964 4-092 3-954 3-594 3-887 Si 
7-894) 7-994] 7-926] 7-778 7 854] 8:345] 7:917] Al 
0:007 0-003 _~ — — — 0-003 Cr 
0-007 0-002 — — — | — — V 
0-055 0-064 0-080 0-095 0-100 0-165 0-214 Fe** 
0-013}8-05! — 18-06 0-03916 07°0-00817 8870 026 7-99 _— L853 0-011} 8:15 Mg 
0-003 — — — — 0:023 0-006 Ti 
=| el =| wl -| ~| & 
72 0-008 = | 0-013 — Ca 
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» Includes Ga 0-001. 
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4 Includes Mn 0-001. 


1 
8 
9 

10 

11 

12 


13 


Sillimanite, andalusite (Table 68, anal. 5) -sillimanite hornfels, Three Rivers schist, Kaweah quadrangle, 
California (Dodge, 1971). Anal. H. N. Elsheimer and M. Cremer (includes Ga2O,; 0:01, P20, 0°28%). 
Sillimanite, sillimanite hornfels, Cashel, Connemara, Ireland (Okrusch and Evans, 1970). Microprobe anal. 
Sillimanite, Benson mines, New York (Todd, 1950). (Includes FeO 0°14, F 0:04, P20, 0°28). 

Cream-coloured sillimanite, Montville quadrangle, Connecticut (Holdaway, 1971). 

Sillimanite, sillimanite schist, Relli, Vizagapatam district, India (Rao, 1955). (FeO and TiO, reckoned as 
Fe203). 

Aluminous sillimanite, metamorphosed lithomarge, Rathlin Island, Northern Ireland (Cameron, 1976a); a 
7°5080, b 76881, ¢ 2°8880 A, V, 166-7043. 


Sillimanite, buchite xenolith, Asama andesitic volcano, Japan (cf. Aramaki, 1961); (Cameron and Ashworth, 
1972). Microprobe analysis: a 7°496 3, b7°685 1, ¢5:776 4 A. 
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comparable with Fe the mullite ordering scheme is adopted and the silica-rich 
limit is around 57 mol. per cent (Ai,0O; + TiO, + Fe,O;). Cameron (1977b) has 
suggested that there is a solvus in the binary system Al,O0;3- SiO, which is depress- 
ed by several hundred degrees when 2 per cent Fe.0; is added; relatively rapid 
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sillimanite and true mullite. The occurrence of exsolved non-stoichiometric 
sillimanite (with excess Al,O3) from a 3Ai,03:2SiO, natural muilite, together 
with another mullite richer in SiO, has been reported from a xenolith in the 
Bushveld complex (Cameron 1976c). 


Experimental Work 


Sillimanite was synthezised by Coes (1955) from kaolin in the presence of 
fluorides, the be st c onditions being 10000 atm and 900°C. Fluorine appeared to 


hoe noraccary far ite Ffarmatian and there were indicatinne of an evtencive cariac of 
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solid solutions with topaz. Previous claims for the synthesis of sillimanite were 
put forward by Baiconi (1941) and by Michei-Lévy (1950) who both used Ai,O; 
and SiO2 in equimolecular proportions, with the addition of borax, and in the 
former case Balconi also added 4 per cent MgO. Michel-Lévy obtained tufts of 
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heated the mixture to 950°C and held it at 850°C for 24 hours. In both of these 
syntheses an X-ray pattern of sillimanite was reported and Balconi showed also 
that the product had the composition SiO, 36°94, Al,O; 63°55 per cent. Earlier 
reports of the synthetic production of sillimanite or its production from heating 
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have been mullite (3A1,0;.2SiO2), a mineral first discovered to exist as a separate 
compound by Bowen et ai. (1924), and which has very similar properties to 
sillimanite. The pyrophyllite - sillimanite- mullite equilibrium relations have been 
investigated up to 800 °C and 20000 bar water pressure by Kennedy (1955). 


Ovn haatin ale. crystal o eillimanite Gyepesova nd Durovié (1977) found 
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that the sillimanite structure was preserved up to 1600°C, but from 1500°C up- 
wards it was accompanied by polycrystalline corundum; at above 1650°C only 
the latter phase, with glass, was found. This appearance of corundum may serve 
to confirm that the thermal decomposition of sillimanite to mullite may proceed 
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sillimanite at 530°C and 1300 bar for 11-15 days, it dissolved incongruently, 
with SiO. going into solution and corundum being formed; the Gibbs standard 
free energy was calculated as -2°793 + 0:2 (from oxides) and -584°71 (from 
elements) kcal/mol. The thermal transformation at 1600°C of sillimanite to 
mullite has also been investigated b by X-ray single-crystal methods by Guse et al. 
(1979) who showed that it is a topotactic reaction with the axes of sillimanite 
transforming into the corresponding axes of mullite; a small amount of 
polycrystalline corundum was observed on the surface of the mullite crystals. 

The kyanite- sillimanite phase boundary and the Al,SiO; phase diagram (Fig. 
324, p. 789) are discussed in the section on kyanite and the sluggish an- 
dalusite-sillimanite transition is dealt with under andalusite (p. 767). Of Par 
ticular concern for experimental relationships involving sillimanite, however, 
the problem of order- disorder and non-stoichiometry in this phase. This aspect 
was discussed by Burnham (1963), and further elaborated by. Anderson and Klep- 
pa (1969), Hariya et al, (1969), Holdaway ( (197 1), Zen (1969), and Navrotsky ef 


al. (1973). Greenwood (1972) used a statistical thermodynamic treatment to 
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evaluate the Gibbs free energy of sillimanite as a function of disorder of the 
tetrahedrally coordinated Ai and Si at any temperature, on the assumption of a 
most stable degree of order at a given temperature. Reasonable permutations of 
the assumed order and its associated temperature indicate that the enthalpy 


change associated with complete disorder is approximately 4 kcal mol. and that 
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sillimanite may become completely disordered at temperatures of 1700°C or 
higher (Fig. 306). Navrotsky ef a/. (1973) measured heats of soiution in a jiead 
borate melt of natural sillimanite heat-treated at 1200- 1700°C and 16-23 kbar, 


and found an enthalpy of solution decrement relative to the untreated sillimanite 
of about 1°3 kcal/mol! for samples run at 1400- 1550°C; an AI/Si interchange en- 
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thalpy of 16 + 1 kcal/mol was derived for the disordering process considered to 
be indicated by iack of appreciable effect of variation in P in the heats of soiution 
in this temperature range. Navrotsky ef a/. noted that cell volumes of the quench- 
ed samples also show this ‘plateau’ region between 1400 and 1550°C, but Hariya 


et al, (1969) who had earlier renorted changes in cell narameters on heating, re- 
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jected an interpretation in terms of variable ordering in favour of a continuous 
isomorphous solid solution relationship between siilimanite and muilite. Saxena 
(1974) showed that the model of ideal mixing on tetrahedral sites in sillimanite 
leads to an impossibly large change in the kyanite-sillimanite phase equilibrium 


boundary with even a slight degree of disorder. However in al! such ther- 
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modynamic arguments it must be noted that subsequent work has shown that the 
Brandywine Springs sillimanite used for many of the basic thermochemicai 
measurements contains a high proportion of fibrolite which has been 
demonstrated to consist of sillimanite lamellae in quartz matrix (Bell and Nord, 


h— 
oo 


Fe? 
— 


~ 
LO 








Pressure (kbar) 











a 





: 
: 


Temperature ( °C) 
Fig. 306. Stability relations of andalusite, kyanite and sillimanite. The sillimanite field is contoured 
by iines of constant degree of order on the assumptions that the degree of order is independent of P 
and that AH” = 4000 calories (after Greenwood, 1972). 
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1974); the errors introduced are dependent on the amount of quartz and would 
affect the rate of solution in heat-of-solution measurements more than the heat 
capacity. Holdaway (1971) and Anderson and Kleppa (1969) both used multiple 
specimens of sillimanite, and recorded differences in the experimental results us- 
ing tha ‘fikenlhita? ctartina matarial A cetrirAe tha rata nf nnnuearcinan Af buwanita 

HIB VIR PIULUEILO SUE LIIIE LIAL Ial. © Stuay of tne 1ale Vi conver sion Vi KRYa@Nite {o 
sillimanite at 19000 kg/cm’ at a heating rate of 3-5 °/minute, showed that the log 
conductance of kyanite had an inverse linear relationship with the absolute 
temperature to 1130°C when there was a sharp decrease due to initial conversion 
to sillimanite: the full transition occupied the range 1130- 1305 °C, or a broader 
range if the haating erate wae graatar (GQhlitchbie, 10490\ DLarliar tantativa nmhaca 
PALIBL Tl UI TIVGtINIE LaAle Wad BIVAaler LOIULSALY, L7UO0). Earlier tentative pilase 
diagrams for the Al,SiOs; minerals were given by Miyashiro (1949) and Thomp- 
son (1955), while from a consideration of the thermodynamics of the Al,SiO; 
minerals, MacDonald (1957) postulated that the application of shearing stress 
might affect the equilibrium curve between andalusite and sillimanite. Further 


tharmndAunam: dana haya haan Aterieas a Dicoh::A nA Dachl (10779 Nanos 
thermodynamic Gata Mave VeCci Uislusseu by WiSOUG ana rasK a7 ify LACE 


(1978), Grigor’yev (1973) and Helgeson ef a/. (1978); see also Jantzen and Her- 
man (1979). 

An ideal solution model was used by Strens (1968) to calculate the effect of the 
substitutions Fe’* = Al and (Fe,Mn)** = Al on the stability fields of the Al,SiOs 


anaentleo The raciilte chau, tha An aAAing (La Mn 3+ tr the ceuctam tha 
minerais. neg resuitS Snow tnat Vil QAUULUIE (re, Mn) WU ULI SYOLCIE tne an- 


dalusite—sillimanite boundary curve can be considered to rotate about the in- 
variant point, eliminating the sillimanite field; wide zones of viridine + sillimanite 
are thus formed. However, the extensive metastable growth of all three phases in 
nature is stressed. Experimental work has shown the possibility of extensive solid 
solution of Cr,O; in kyanite, and Seifert and Langer (19 70) have demonstrated 
that Cr-poor sillimanite can coexist stably with Cr-rich kyanite over temperature 
intervals of 80 and 150°C at 20 and 25 kbar, respectively. Other experimental 
work including sillimanite includes that of Newton (1966) who investigated the 
reaction zoisite + sillimanite + quartz = anorthite + vapour. In experimental 


«LL tha ak: Af tran_khesri ng ot auro alita ana Aiar rnhardenn (10LQ\ 
Work on tne stability or iron- UCALINIE ot urolite and UYual tz, Richardson {i z7uo) 
studied the reactions: 

Fe-staurolite + quartz = almandine + sillimanite + H,O (1) 
Fe-staurolite + quartz = Fe-cordierite + sillimanite + HO (2) 
Fe-chloritoid + sillimanite = Fe-staurolite + quartz + H,O (3) 

naradiarita — almmandina Lb cillimanita kL nnart?, fA 
Fe- LVI aier Ile aimanaine VO SPALLIDIGAILO + quar 24 (t+) 


The results for such quartz-bearing assemblages are shown in Fig. 307. 
Thermochemical data on sillimanite have been produced by Kelley (1949) and 
Todd (1950), and a differential thermal curve was figured by Houldsworth and 
Cobb (1923). The use of froth flotation to concentrate sillimanite has been 
Anonethn > Dan (1Q0E8@ lant Fernthane hatin n wine ni <1 eh man ne collec 


UCsel ibed by Rav Liz J), the DEST ([FOuner being pine Ui, with oleic acid as CULICL- 
tor and sodium carbonate as inhibitor. 


Alteration 

Alteration products of sillimanite include muscovite and sericite, pyrophyllite, 
Kaolinite, montmorillonite and Kyanophilite (Alderman, 1950; Rao, 1946). The 
selective replacement of the Al,SiO; polymorphs by white mica was studied by 
Kwak (1971a) who concluded that sillimanite is the most resistant to this type of 
alteration; but, as has been pointed out by Chinner (1973), this may simply reflect 
the fact that sillimanite is the high-grade polymorph and that andalusite or 
kyanite will normally be preferentially replaced by muscovite. By inversion under 
conditions of stress or rising pressure sillimanite may be converted to kyanite, or 
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Fig. 307. Pa = T plot of the quartz-saturated part of the system Fe-Al-Si-O-H: Sill = 


sillimanite, cids = chloritoid, Alm = almandine (after Richardson, 1968). 
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1956), though irrefutable evidence of the latter inversion has not been obtained. 


On heating above 1545°C naturai sillimanite is unstable and is converted to 
mullite + liquid. On further heating to above 1810°C the mullite breaks down to 


corundum + liquid. 


Optical and Physical Properties 


Sillimanite commonly occurs in long prismatic crystals or as a fibrous mat of fine 
crystalline material, although more equidimensional crystals are sometimes 


found The relief ic moderately hich the refractive indicec varvino oanlyv clightly 
RNW7WUEEMUA, Baawe £2201 49 sAAIWUVSE Uw y AlLBily CAL LWA GAwetl_ Yu LAU vas J tts waaay OsRBsltay 


although there is some evidence that in dark brown crystals they are 0:00 6 lower 


than in light brown material. Shannon (1920) described a white to pale green fine- 
ly fibrous bucholzite variety from Russell, Massachusetts, with a maximum 
refractive index of 1°635 which is considerably lower than the normal value; this 


. . . . . . : . 
material needc further invectigation The hirefringence ic fairly ctrono althonuoh 
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the normal retardation is not always observed in finely fibrous material: cross- 


sections parallel to (001) show low birefringence. Straight extinction is obtained 
on prismatic crystals and fibres and for cross-sections showing the perfect {010} 
cleavage. The latter is not always noticeable, however, in thin section, and some 


. . . . 
traneverce frarturac alen aAreur: in ecrnce_cactinne chawina thea daminant J11M} 
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form the extinction is symmetrical with respect to the crystal boundaries. The 


fibres are length-slow. 
Although most naturally occurring sillimanite is colourless, white or grey, this 
may partly be due to the typical fine- grained or fibrous habit. Coarse-grained 


tha yohi nt fr nly caloavred 1 in pa ale chadec af 
ul 1 paie Snaaes Or 


Whmanite al teal ats 
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yellow, green, brown, or blue. Grew and Rossman (1976) have described yellow- 


730 Orthosilicates 


green sillimanite from pegmatites in granulite facies rocks from Reinbolt Hills, 
Antarctica, in which the colour is due to ferric iron evenly distributed throughout 
the crystals; this sillimanite contains 1:2-1°3 per cent Fe.O; and < 0°1 per cent 
TiO,. Polarized absorption spectra at 296 and 78°K show prominent bands at 


AKX AAN and AID nmMm far 4 and at £16 and WInm Far v a nattern dictinctly dif_ 
S02, 46 aNG Sic Ti rOr &@ ana dat O15 ali 502 Tin fOr yy, a pacer GisunmCuy Gir 


ferent from that of Fe** in the octahedral site of kyanite. The intensity of these 
bands led Grew and Rossman to suggest that much of the iron is in a tetrahedral 
site in sillimanite. Blue sillimanite is known from several localities, including gem 
gravels, gneissose xenoliths in volcanic rocks (Caillére and Pobeguin, 1972) or 


tartn e faature (Lattari 1967) tha hine colour ho 
gar net gneiss near a major tectonic watuie Ub zattor ty L707), LAI UIUY LUI our nere iS 


attributed to the crystallization under high grade conditions and may be related to 
the presence of up to 2 per cent Fe2O;. At both Kilbourne Hole, New Mexico, 
and Bournac, France, it occurs in xenoliths of gneiss in basaltic rocks, and is 
associated with quartz, sanidine, plagioclase, garnet, ilmenite and rutile. These 


turn hhie cillimanitec are chatnvuant and have fine hair_lile ineclacinne narallal ta 
twWO UlUS SEIHGIIIO) Git CiatUyaiit QHU MaAVO LAnit iG maIRe GIRLIE Parauei LU 


their z axes; they are pleochroic with a = B colourless, y blue. Probe analyses 
showed Fe,0; 0°36-0°44 and 0°21 and TiO, 0:04-0:07 and 0:02 wt. per cent for 
the Kilbourne Hole and Bournac material, respectively (Grew, 1976); the 
Kilbourne Hole sillimanite has a 7-485 4, b 7°6741,c 35-7717 A. 


Tha wicshla anda nanr infearad onantriam nF eillimanita hac ha nN oivyvan he LIsant ot 
ine visio and near inirarea spectrum OF Sinimanite nas oeen given oy muNnt ef 


al. (1973); infrared spectra of sillimanite are also discussed by Beran (1970) and 


Wilkins and Sabine (1973) in terms of the presence of a minor hydroxyl compo- 
nent. 


Distinguishing Features 


The positive (length-slow) elongation and _ higher birefringence ‘distinguish 
sillimanite from andalusite. Although both minerals may have a {1 10} pr ism, the 
(001) cross-section of sillimanite may show the {010} cleavage and yield a positive 
biaxial optic figure with low 2V, though good figures are difficult to obtain on 
the typically rather small crystals. Apatite is length-fast and has weaker bire- 
fringence while kyanite has higher refractive indices and a greater 2V: zoisite has 
a lower birefringence, and carpholite has a negative 2V and may be faintly 
yellow. The distinction of sillimanite from mullite is difficult: in general the 
refractive indices of sillimanite are greater but if mullite contains any TiO, or 
Fe,O; its refractive indices are increased and overlap those of sillimanite. Mullite 
has a lower birefringence but, as noted above, sillimanite often may be observed 
showing less retardation than expected. X-ray powder patterns are very similar, 

as was demonstrated by Wyckoff et al. (1926), but they found that three reflec- 
tions at 1:25, 1°425 and 1°57A are present in sillimanite patterns but absent from 
those of mullite (see also Posnjak and Greig, 1933; de Keyser, 1951; Agrell and 
Smith, 1960). Agrell and Smith consider that the measurement of cell dimensions 
is the most reliable method for distinguishing sillimanite and mullite. Single- 
crystal photographs can also be used to differentiate these two phases but the pat- 
terns again are rather similar (Scholze, 1955; Smith and McConnell, 1966). 

Cameron (1977b) found that diagnostic {A0/} reciprocal lattice sections could be 


obtained only by electron microscopy as the crystals are Often less than | um 


across. Sillimanite displays weak, sharp super lattice reflections corresponding 
with a doubled c repeat, but as Al is substituted for Si these reflections become 
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weaker. If pure crystalline material is available the thermal properties provide a 
distinction, sillimanite yielding a liquid at 1585°C, and mullite at 1810°C. A 
method utilizing the distinctive infrared absorption curves of the two minerals 
has been described by Roy and Francis (1953) and Muan (1957); see also Omori 


(1961). 


avs 


Paragenesis 


Sillimanite is a mineral of high-temperature metamorphic rocks, Occurring in the 
higher grades of thermal metamorphism of argillaceous rocks as in 
sillimanite-cordierite gneiss and biotite—sillimanite hornfels where often it is 


derived from the breakdown of biotite or by the inversion of andalusite formed at 
an earlier stage. The relative stability of andalusite and sillimanite in hornfelses 


sh We cava Baay 2a? Sem vaase y eR CE EON CASA See e ee RR FEA wD 


was studied by Okrusch and Evans (1970), e.g. Table 66, anal. 8 and Table 68, 
anal 6; they concluded that although the incorporation of Fe** might be capable 
of influencing the mutual stability of these phases the result was geologically in- 
significant. In general, the sillimanite contains less iron than the coexisting an- 
dalusite. This problem was also examined by Dodge (1971), e.g. anal. 7, who 
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although uncertain about the role of iron nevertheless felt that ‘differing trace- 
element contents of these two polymorphs did suggest that foreign ion stabiliza- 
tion may have played a role in the survival of these polymorphs in coexistence. 


Although the nature of the fibrous aluminosilicate in contact aureoles was earlier 
uncertain, it has now been shown that this ‘fibrolite’ represents sillimanite or a 


Neha we Geeky 4s FAG SN AR SSEN VV SE CAS 8 gave Wresew PEO ste Sseeeseeaaase Vea 


sillimanite- quartz intergrowth; mullite is unlikely to occur in normal contact 
metamorphism of pelitic rock (Moore and Best, 1969) though it may occur in 
aluminous residues or emery rocks (e.g. Smith, 1965). Pelitic xenoliths in basic ig- 
neous rocks may develop either phase depending on composition and 
temperature; thus the emery deposits associated with the Cortlandt complex of 


twee e yp Peiled 228 Lilie MOAR AGS Gt ne VV Ree Fee Ne ease Vasa 


Peekskill, New York, have been interpreted as resulting from the reaction be- 
tween the basic magma and pelitic xenoliths to give a sapphirine-aiman- 
dine-sillimanite assemblage (Barker, 1964; see also Friedman, 1956). In some 


xenoliths in volcanic rocks, pyrometamorphism has given rise to quite large 
crystals of sillimanite (Kwak, 197la), e.g Table 66, anal. 1; this high- 
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temperature paragenesis may also give sillimanite and cordierite, possibly by par- 
tial fusion of the xenolith, e.g. anai. 13; see also Cailiére and Pobeguin (1972) 
who report pale blue sillimanite from inclusions in basaltic tuff. Thermodynamic 


calculations for the reaction muscovite + quartz > sillimanite + K-feldspar show- 
ed that sillimanite hornfelses were formed at 660 °C at 2 000 bar (Deng, 1978), in 


eR eee eek le AEE Bee ww OF wwe aA eee GS UY eV VG aes PUpy, aan 


agreement with experimental data. 

Both fibrolite and sillimanite are known from the contact aureoles of the 
granites of Donegal where they may both occur in the same aureoles, e.g. Ardara; 
workers in Donegal have generally maintained that there is a petrological distinc- 


tion to be made hetween the fine needle-like fibrolite and coarser prismatic 


SEW Sh CN UN AAA URLS Wee tae RABE AWWA TEEN bare ek ke VGH ONE aGseseGuie 


sillimanite (e.g. Pitcher and Read, 1963; Naggar and Atherton, 1970) with only 
the latter occurring in the highest temperature rocks. The demonstration that 
some ‘fibrolite’ is merely sillimanite in a matrix of quartz (Bell and Nord, 1974) 
may indeed indicate that the composition of ‘fibrolite’ differs from that of 


sillimanite. It is also of interest to note that in the occurrence of sillimanite in the 
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Donegal aureoles it is often associated with late white micas and tourmaline and 
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that this paragenesis trespasses on the other zones of the aureoles, leading Pitcher 
and Read (1963) to suggest crystallization under the influence of fluids from the 
granites. Vernon (1979) has suggested that fibrolite in some high-grade gneisses 
was formed by the action of mobile hydrogen ions (liberated during widespread 


hudratinn af cardierite) ann 
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removed. 

Microstructural criteria have been used by Vernon and Flood (1977) to 
distinguish two types of fibrolitic sillimanite-bearing aggregates: namely (1) those 
with fibrolitic sillimanite | in clear microstructural equilibrium with other minerals 


{cf Varnan 1076) and { those with frhrahtic cilimanite which appears tr have 
Qi. vVeriUii, 1975) a d (2) tnos WIUN TlOroitic suimmanite wnicn appe ars (0 nave 


grown without evident modification of pre-existing grain boundaries of the other 
minerals such as andalusite or feldspar. 

The occasional occurrence of sillimanite in granitic rocks is normally the result 
of contamination by pelitic xenoliths, but hydrothermal activity may also be 


recnoancihle: ite accyrrence in a neamatite wac recarded hy Tatarinny (1027) anda 
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beryl-chrysoberyl-sillimanite association in a pegmatite has been described 
(Heinrich and Buchi, 1969) where beryi is attacked by late aluminous hydrother- 
mal solutions to form chrysoberyl, sillimanite and quartz as reaction rims. 

The replacement of labradorite by a symplectic intergrowth of fassaite and 


eillimanite hac heen rannrted (Maver and Rrnonnonkine 1074) fram a venohth of 
Slimane nas o€en reporeea uMieyer ana prOocnkins, i7/o; 1FOM a XEON OF 


pyroxenite in the Stockdale kimberlite pipe, Kansas; in a metagabbro xenolith 
sillimanite occurs as a selvedge around a spinel-sapphirine assemblage within 
pyrope-almandine. In the contact aureole of the synorogenic Hasvik gabbro, 
northern Norway, sillimanite has been precipitated in both plagioclase and 


garnet? Sturt (1Q7M) hac hkened the arrangement af the cllimanite naedlac in tha 
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plagioclases to the Widmanstatten texture found in metallic meteorites and 
alloys. Here it is considered that excess Al2O; and SiO; are held in the feldspars 
and the garnets of the regionally metamorphosed country rocks which on thermal 
metamorphism crystallized out in response to thermal stresses. In the Hasvik 
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association has also been described with other late textures from the intrusive 
Leinster granite (Kennan, 1972), and here the sillimanite is thought to have been 
produced by late exsolution from feldspar; the aureole of this granite contains 
staurolite associated with metasomatic-pneumatolytic fibrolite, muscovite and 


taurmalinea (Mannan 107A) 
CULL TLIGIY (Kennan, ATI} 


Detailed analysis of compositional variations of crystals and reaction textures 
in the metamorphic aureole of the Ronda high-temperature peridotite, southern 
Spain, suggests that biotite was being produced by the breakdown of garnet at a 
faster rate than it was consumed by reaction with sillimanite (Loomis, 1979). An 


internratatinn concidered nlanchle ic that the rate af dicenhlitinn af alliimanitea 
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which was the rate-controlling process in this assemblage, was 10°’-107° 
cm/year. 

In regional metamorphism, sillimanite has been used as a zonal mineral in 
metamorphosed pelitic rocks (Barrow, 1893), the sillimanite zone representing 


racke in the highact grada af metamarnhicm which concicte tuntcally af micaranic 
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sillimanite schist or the coarser quartz-sillimanite gneiss (e.g. Sanders, 1954). 
Much of the sillimanite is derived from the breakdown of muscovite and biotite, 
often giving rise to the association sillimanite- potassium feldspar found in the 
sillimanite- almandine subfacies at the top of the amphibolite facies and continu- 


nta the oraninlite facieac (Ch’th 1060> Tazver 1066: Pranic 1064) The rear 
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tion can be expressed: 
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KAI;Si3;0;9(0H)2+SiO, = Al,SiO; + KAISi3;03 + H20, 


muscovite sillimanite orthoclase 
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often with a small amount of piagioclase being involved as well. The development 
of the sillimanite-K-feldspar isograd has been studied in detail in western Maine 
(Evans and Guidotti, 1966) where muscovite coexists with orthoclase, sillimanite, 
and plagioclase for a distance of at least 10 km from the isograd (marked by the 


initial coexistence of orthoclase and sillimanite). The P-T conditions for this 
reaction pass through 600°C at 2 kbar and about 665 °C at 4 kbar (Evans, 1965). 
In the Rangeley area of Maine, the reaction relating the staurolite and lower 
sillimanite zones was attributed by Guidotti (1974) to the tie-line change from 


staurolite + chlorite to sillimanite + biotite. However, it was later argued that 


reactions in the Rangeley area are of the cation-exchange type involving diffusion 
among three assemblages in local equilibrium; sillimanite nucleated preferentially 
in biotites near garnets and formed segregations containing sillimanite-rich cores 
and biotite-rich rims (Foster, 1977). The compositions of garnet and cordierite 


coexisting with quartz and sillimanite in this grade of metamorphism also permit 
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estimates of total T and P in the range 600— 760°C and 5°3-6°7 kbar (Currie, 
1971; Hutcheon ef a/., 1974; see also Currie, 1974). 

The formation of sillimanite i in association with the development of gneisses 
and migmatites in the Grampian Highlands and northeastern Scotland has been 


interpreted by Chinner (1966b) as a later superposition upon a slightly earlier 


metamorphic. pattern characterized i in its higher grades by andalusite and kyanite. 
In the Hunily- Portsoy area, Ashworth (1975) has shown that the siilimanite 
grade metamorphism was overprinted on the regional andalusite and kyanite 


zones during a late heating episode; the sillimanite zone is divisible into a part 
containing relict andalusite and a higher grade sillimanite-K-feldspar zone. At 
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the sillimanite isograd in Glen Clova, sillimanite appears to have formed within 
biotite; Chinner (1961) considered that the biotite acted as a nucleating agent, the 
trigonally arranged oxygen octahedra and tetrahedra in the alternate mica layers 
acting as nuclei for the growth of octahedral Al-O and tetrahedral (Al,Si)-O 


chains in the sillimanite structure. No permanent breakdown of biotite was in- 
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volved, the Al and Si for sillimanite coming from unstable kyanite. 

During prograde metamorphism of pelitic rocks in Connemara, sillimanite 
first developed in biotite adjacent to, or replacing, garnet. The textures indicate a 
constant volume replacement of garnet with movement of Al from associated 
staurolite and muscovite towards the scattered garnet sites. The ionic reaction 
patterns are the result of the strong preference of sillimanite to grow on biotite 
that is replacing garnet, and this pattern of preferred nucieation is taken to in- 
dicate that the equilibrium conditions were only overstepped by the minimum re- 


quired for initial sillimanite nucleation (Yardley, 1977). For extensive reaction to 
occur under near-equilibrium conditions, the rate of reaction must have been 
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controlled by the supply of heat to the rocks rather than by diffusion or local 
reaction steps. 

In staurolite-sillimanite gneisses of the Kuenthal area of Udaipur, India, Goel 
and Chaudhari (1979) concluded that the formation of sillimanite was controlled 


by the chemistry of the parent rock: critical factors include the content of AIO: 


the chemistry of the parent rock; critical factors include the content of Al.O; 
and alkalis and the oxidation ratio. 

The formation of sillimanite with rising temperature in regional metamor- 
phism by direct inversion from kyanite (see Fig. 324, p. 789) is perhaps less com- 
mon than sometimes indicated. The polymorphic transition from kyanite to 
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sillimanite appears to be rather sluggish, and the local persistence of kyanite in 
the sillimanite zone with both minerais occurring in the same rock has been 
recorded by McKinstry (1949) and by Wyckoff (1952), cf. Hietanen (1956), 
Guerirard and Pailler (1971). 
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he Ross of Mull granite, 
sillimanite and andalusite are found in oriented intergrowth (Bosworth, 1910; 
Bailey, 1925): here the z axes of both minerals coincide (see Harker, 1932, Fig. 
172). A similar type of occurrence has been recorded (Compagnoni et al., 1974) 


from the Alps, where a Hercynian granite intruding a regional metamorphic 


biotite - plagioclase - fibrolite-kyanite- garnet assemblage developed andalusite 
and prismatic sillimanite. The coexistence of kyanite and sillimanite in textural 
equilibrium has been recorded in quartzofeldspathic gneiss at Davis Creek, near 


Murchison, New Zealand, where both phases occur as prismatic crystals (Grew, 
1977) 
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In the Kwoiek area of British Columbia a roof pendant of greywacke on the 
flank of the Coast Range batholith contains two polymorphic sequences: (A) an- 
dalusite > kyanite > sillimanite and (B) andalusite > fibrolite. This sequence has 
been interpreted (Hollister, 1969) in terms of a depth of emplacement of 17-21 


km, i.e. giving a pressure of around 6 kbar, or greater than that of the triple- 


point, indicating that the andalusite was formed metastably in the kyanite field 
(see also Grambling, 1981; Lefebvre and Naert, 1978). The two polymorphic se- 
quences are presumed to have been contemporaneous though it was noted that 
the fibrolite texturally is a phase distinct from sillimanite, but in both cases their 


occurrence indicates a rise in temperature with no appreciable variation in 
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pressure. In a variant of this model, Loomis (1972) proposed a decrease in 
pressure as a contact rock was dragged up in the aureole, but in general the 
assumption of complex situations is less valid than recognition of the possibility 
of metastable existence of the Al,SiO; polymorphs. Sillimanite is found also in 


such granulite facies rocks as khondalites and sillimanite granulites, though Sinch 


chon lin 1 Singh 
(1968) has reported that although it is stable in high-grade ‘acid gneisses which have 
undergone Barrovian metamorphism it is unstable in granulites of the Guyana 
Shield. Sillimanite has been reported from metamorphosed bauxite (Coetzee, 
1940) and with kornerupine and sapphirine in a sillimanite- gedrite gneiss (Vogt, 
1947) 

1947). 

The scarcity of Al,SiO; minerals in the Moinian assemblage of the Scottish 
Highiands contrasts with their abundance in the Dairadian schists subjected to 
amphibolite facies metamorphism. Winchester (1974) demonstrated for these two 
areas that rocks containing kyanite or sillimanite have high Al,O03;/CaO ratios 


and rocks with lower values of this ratio are devoid of aluminium silicate minerals 
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irrespective of metamorphic grade; Winchester considered that the 26 rocks he 
sampled which were devoid of sillimanite although they occurred in the 
sillimanite field might lack this phase only because P- 7 conditions in the area did 
not bring about the decomposition of muscovite. 


The sillimanite-hypersthene association occurs in definite structur 
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the high- grade Precambrian metamorphic complexes of the Aldan Shield 
(Marakushev and Kudryavtsev, 1965); the coexisting hypersthene, which textural 
relations indicate crystallized simultaneously, is highly aluminous (9°35% A103). 
Orthopyroxene-sillimanite schists occur in the granulite facies of the Chogar 
complex, eastern Stanovik; the bronzite has a high AI,O; content and this has 
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been interpreted by Karsakov (1973) as indicating genesis at high temperature and 
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great depth, transitional between the granulite and eclogite facies. An 
enstatite- cordierite- sillimanite- quartz rock has been described from a granulite 
facies terrain in Zimbabwe by Chinner and Sweatman (1968) who interpret this 
paragenesis as representing retrogressive metamorphism from an_ ensta- 
tite-kyanite-quartz assemblage during which kyanite inverted to sillimanite. 


Aluminous enclaves with kyanite, sillimanite, corundum and staurolite, occurr- 
ing in gedrite-cordierite gneiss in southwestern New Hampshire have been 
studied by Robinson and Jaffe (1969); the fibrolitic sillimanite is corroded by cor- 
dierite and the chronological sequence kyanite > sillimanite — cordierite is 
deduced. The occurrence of sillimanite in equilibrium with ilmenite in high-grade 
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metamorphic rocks has been studied by Grew (1980). 

In contrast to the occurrence of sillimanite in association with K- feldspar, 
which is a high-temperature occurrence, sillimanite is also frequently found 
associated with muscovite and quartz in what is is clearly a lower temperature 
paragenesis. The origin of this sillimanite has sometimes been attributed to the 
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reaction between staurolite and quartz: 
3 staurolite + 2 quartz = almandine + sillimanite + 3H20 


e.g. Chapman (1952), but in many areas sillimanite is developed in staurolite-free 


rocks: for thic type of sillimanite there is evidence for a metasomatic origin. The 
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arguments have ‘been summarized by Chinner (1966a) and include the occurrence 
of tufts and wisps of sillimanite in biotite, suggesting replacement of biotite; 
movement of alumina as indicated by the occurrence of sillimanite in veins cut- 
ting rocks with or without other Al,SiO; polymorphs; the association of 


cillimanite with cnarce miuccovite tourmaline ar tanaz annarently helonging toa 


sillimanite with coarse muscovite, tourmaline, or topaz apparently belonging to a 
late metasomatic phase of metamorphism; and the occurrence of sillimanite in 
syntectonic granites or gneisses variously ascribed to metasomatism or partial 
melting.  Sillimanite-kyanite quartzites grading locally into © sillima- 
nite-kyanite-topaz rocks have been described from Tanzania (Kempe, 1967). 
Although experimental results suggest that a solid-solution series might exist 
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between sillimanite and topaz no evidence of this was found. In the Acacia Vale 
sillimanite deposit of New South Wales, a body composed of 60-80 per cent 
sillimanite contains accessory topaz and rutile (Wallis and Kennedy, 1965). 
Elsewhere associations of sillimanite and tourmaline are known (e.g. Brown, 
1976). In manv areas sillimanite occurs in nodules and veins and is ascrihed to the 
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breakdown of biotite and production of K-feldspar as in the migmatitic gneis- 
ses of l’Aber Benoit, Brittany (Shelley, 1968), or to the breakdown of biotite and 
the leaching of alkalis (Macaudiere and Toret, 1969), although such 
quartz - sillimanite inclusions in biotite gneiss have also been considered to repre- 
sent aluminous quartzite pebbles in an arkosic matrix (Gimmel’farb ef a/., 1969). 


Sweat Aateasaaaa NE Ny Eee PW re Bek Hae Ga ey ses an Nreeeeeeewe 2 afr y 


In the Argentera massif of northern Italy, the garnet - biotite anatexites are 
characterized by the presence of noduies of sillimanite and cordierite (Biasi and 
Schiavinato, 1968) and sillimanite and quartz (Blasi, 1971). 

In Namaqualand two types of sillimanite mineralization are recognized: one 


with corundum - cillimanite type confined toa nelitic cucceccinn and renrecentina 
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fossil bauxites metamorphosed in the almandine amphibolite facies, and the 
other occurring in lenticular bodies in a psammitic succession and representing 
less pure bauxitic material concentrated in crests and troughs of folds by tectonic 
activity (Frick and Coetzee, 1974). Progressive regional metamorphism then 


transformed the latter assemblage into sillimanite, with loss of alkalis 
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Garnet -cordierite -sillimanite gneisses from the contact aureole of the Pre- 
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cambrian Loon Lake pluton, southeastern Ontario, were shown by Dostal (1975) 
to have different patterns of rare-earth distribution than the associated Apsley 
biotite gneiss and to have a negative Eu anomaly, considered to represent the 
residum left after partial melting of biotite gneiss; the associated leucogranite 


may represent the extracted anatectic material. Dostal further suggested that 


similar garnet— cordierite - sillimanite gneisses of frequent occurrence in high- 
grade regionally metamorphosed areas of the Grenville Province of the Canadian 
Shield may have a similar residual origin, as proposed earlier by Lal and 
Moorhouse (1969). In the Stanovoy Range, eastern Siberia, biotite-cor- 
dierite- garnet-sillimanite-hypersthene gneiss underwent granitization to 
biotite- quartz — microcline rocks; fibrolite and quartz later replaced t the biotite 
and feldspar in a leaching stage involving loss of alkalis, CaO,” MgO and FeO 
(Korikovskiy, 1965). The possible production of sillimanite-rich rocks from 
quartzite and igneous rocks of various compositions, by metasomatic processes in 
which Al,O;-rich fluids were derived from a granophyric melt, has been sug- 
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gested by Huang (1957). 

Sillimanite is not uncommon as a detrital mineral in sediments, but it is 
generally a rather local species. It occurs, for example, in the Pleistocene sands of 
southeastern USA (Hails and Hoyt, 1972), and is 6 fairly widespread in Tertiary 
placer deposits of the Dnieper basin, , 1966). 
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Mullite is a mineral of high-temnerature origin found in nelitic xenoliths 
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(buchites) in basic igneous rocks or in high- grade thermal metamorphism of 
aluminous material. The name is for the type locality in Muli where it occurs ina 
fused xenolith of Jurassic shale in the tholeiitic portion of a composite sill. It is 


also a very common refractory product. The compositions of mullites can be ex- 
pressed as a series with increasing AIO. : SiO, ratio from 1: 1 asin sillimanite 
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up to pure Al.O;3, but most natural mullites lie between the ratios 3 : 2 and 
2:1. 


Structure 


That there is a difference between the X-ray diffraction patterns of mullite and 


sillimanite was first established by Navias and Davey (1925). Later, the patterns 
were fully documented by Posniak and Greig (1933) who also established that 
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material containing Al,03 i in excess of the 3A1,0 .2Si0, composition, or iron or 
titanium in solid solution, had diffraction lines displaced towards the origin (i.e. 
larger cell dimensions) relative to the pattern of ordinary mullite. 

After solving the structure of sillimanite, Taylor (1928) realizing that the two 


minerals must have somewhat similar structures but that mullite has a lower 
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specific gravity than sillimanite, suggested that the mullite structure could be 
derived from that of siillimanite by substituting Ai for Si in some tetrahedrai sites 
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and removing sufficient O atoms to compensate for the change in positive charge. 
Sadanaga et a/. (1962), in their two-dimensionai study of a 2 : 1 synthetic mullite, 
confirmed Taylor’s basic hypothesis and derived the structure by randomly 
replacing 0°8 Si atoms per substructure cell of sillimanite with 0:8 Al and remov- 


ino 0-4 of the two-coordinated oxvgen atoms to maintain charge balance. The 
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absence of these oxygens makes 20 per cent of the tetrahedral sites untenable, and 
they concluded that the 0°8 Al go instead into new tetrahedral positions. Durovic 
(1962) drew similar conclusions from a three-dimensional structure determination 
of a synthetic 1°71 : 1 mullite, but he suggested that the new tetrahedral site con- 


tains both Si and Al in a disordered arrangement, and that all of the oxveen 
ge and that all of the oxygen 
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atoms whether in two or higher coordination are randomly distributed on either 
side of the symmetry centre at (0, ‘2, 0), the position of oxygen in sillimanite. 

A three-dimensional structure analysis by Burnham (1963) on a synthetic 
mullite of composition 1°92 Al,03.SiO2 (Table 67, anal. 8) favoured the model of 
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tween coordination polyhedra is shown in Fig. 308. The close similarity between 
mullite and sillimanite may be seen by comparing Figs. 308 and 302, see also Fig. 
309. Cation-anion distances in the (AlI(2),Si) tetrahedron are indicative of 
substitutional disorder. Sillimanite has a doubled c axis because of its ordered se- 
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Further refinement by Burnham (1964a) confirmed that the mullite has a 
defect structure which can be considered as a disordered sillimanite in which 19 
per cent of the tetrahedron-linking oxygens (Oc) are missing; cations whose 
positions are thus rendered untenable take up tetrahedral positions Al(2)* (unoc- 


cuntied in allimanite\) and the danhletatrahadral chaine nf the cillimanite ctriucture 
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become discontinuous. The possibility of some Si in the Al(2)* site, was not 
however, ruled out. Because of the difficulty of distinguishing Al from Si, 
Durovic and Fejdi (1976) prepared and examined a germanium-substituted 
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Fig. 308. Projection on (001) of the mullite structure; two unit celis show the effect of removing one 
O, atom but do not exhibit the true symmetry resulting from statistical absence of O, and rearrange- 
meni of cations. G, = oxygen removed, T = untenabie tetrahedrai site, O, = oxygen shifted (after 
Burnham, 1963). 
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Fig. 309. Comparison of tetrahedral chains in (a) sillimanite and (b) mullite (see text) (after Pann- 
horst and Schneider, 1978). 
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High resolution electron microscopy of a synthetic mullite of composition 1°86 
Al,O3.SiO2 (a 7°569, b 7°663, c 2°873 A) enabled Nakajima ef a/. (1975) to 


demonstrate directly the oxygen vacancies in mullite by using the two- 


dimencinnal lattice image tachnin ue to give a rniactionn af the ctric 
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(see also Guse and Saalfeld, 1976; Tokonami ef a/., 1980). 

Most mullites, when examined by single-crystal X-ray techniques show 
superstructure reflections, which indicate that there is some degree of ordering 
(either the Si, Al distribution or oxygen vacancies or both) in the crystal structure. 


Agroll and Gmith (1QKN) intraduced the nnmanclatura ND. and Cimulhlite arcarding 
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to whether the subsidiary reflections were diffuse or sharp. They also showed that 
the substitution of aluminium in D-mullite leads to expansion of the @ and c 
dimensions but not b, whereas substitution of iron and titanium in natural 
mullites gives a slight initial decrease in a and b followed by a subsequent in- 
crease, the c dimension increasing uniformly for all concentrations; see also 
Aramaki and Roy (1962) and Hariya et al. (1969). Agrell and Smith (1960) con- 
sidered that the plot of c versus cell volume was probably the most valuable 
general method for studying mullites (single-crystal X-ray patterns are more 
reliable but unfortunately few specimens are large enough); using the cell 
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parameters, S-mullite can prooaory oe Gistinguisnea irom W-mMuwite by means of 
axial ratios, and an estimate of the composition obtained for the D-mullite. 
Aramaki and Roy (1962) demonstrated, however, that in addition to changes in 
cell parameters of mullite caused by variation of the Al2O;/SiO; ratio from 3/2 
to 2/1, there may be changes of nearly the same magnitude due to heat treatment 
of one mullite of fixed composition. Hariya et a/. (1969) showed that low- 
pressure synthetic phases, with mullite-like patterns, can be made to change con- 
tinuously in cell dimensions to those of sillimanite by increase of pressure at 
temperatures high enough to give suitable reaction rates (see also Tromel et a/., 
1957). Such changes in the cell parameters are consistent with two quite different 
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interpretations: one would attribute the cell cnanges tO a Var iable degree of Si- Al 
tetrahedral ordering between sillimanite (ordered) and mullite (disordered), 
whereas the other interpretation (preferred by Hariya eft a/.) is that of a con- 
tinuous isomorphous solid solution relationship between sillimanite and mullite 


(Fig. 310). 
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More recent work by Cameron (1977c) has shown that complete solid solution 
occurs between sillimanite and mullite when Fe**, in the virtual absence of Ti, 
replaces [Al]°; all members of this series adopt the sillimanite [Al,Si]* ordering 
scheme in preference to the modulated structure typical of synthetic and natural 
titaniferous mullite. In specimens where the Ti content is comparable with that of 
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Fe, the mullite partially ordered scheme is adopted. Cell dimensions of various 
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synthetic mullites (Fig. 311) vary linearly with composition over the range 60-71 
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Fig. 310. Variation of cell edge a with various percentages of Al,O, (after Hariya ef al., 1969). 
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Table 67. Mullite Analyses 





























1 2 3 4 5 
SiO, 32°8 30°6 29-17 29-5 29-04 
ALO; 64-1 67:6 64-35 69-6 69°63 
TiO, 0:24 0-71 0°55 0:3 0°79 
Cr,0; — 0-09 ~ 0-1 — 
Fe,03 2:8 0:57 5-93 0:5 0°50 
MgO — 0-11 — — 
Na,O — — — _ 0°18 
K,0 — — — — 0:06 
Total 99-9 99-68 100-00 100-0 100-20 
a _— _— ~ 1656 1-651 
B —_— —_— — —_ — 
y _ ~ ~ 1674 1-668 
5 _ _ _ 0:018 0-017 
aA 7°5088 75260 7544200 7:5416 
bA 71-6934 7-6882 7:7053 71-6942 
cA 2°8893 2-8881 2-8952 — 28875 
vA3 166°91 167°11 168°34 — 167°51 

Numbers of ions on the basis of six cations 
Si 1:778 1°647 1-592 1:577 17549 
Al 4-098 4-289 4:14] 4-387 4:377 
Cr — 0-004 — 0-004 — 
Fe>* 0-114 0:023 0-243 0-020 0-020 
Mg — 0-009 _ _ _ 
Ti 0-010 0-029 0:023 0-012 0-032 


*x 0-11 0°18 0°20 0-21 0°23 
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A member of the solid solution series, (aluminous sillimanite), metamorphosed 
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lithomarge, Rathlin Island, Northern Ireland (Cameron, 1976a). 

2 The most siliceous of 30 mullites from a cordierite- mullite buchite, Mull (Cameron and Ashworth, 1972). 
Microprobe anal. 

3 Mullite, mullite- hematite - cristobalite- pseudobrookite porcellanite (metamorphosed lateritic lithomarge), in- 
clusion in dolerite plug, Tievebulliagh, Co. Antrim, Northern Ireland (Agrell and Langley, 1958). 

4 Mullite, banded mullite-sillimanite- corundum -spinel-cordierite graphitic xenolith in the critical zone of the 
Bushveid compiex, Maandagshoek, Transvaai, South Africa (Cameron, 1976b). Microprobe anai. 

§ Pale pink-lilac mullite (type specimen), buchite, Seabank Villa, N. side of Loch Scridain, Mull, Scotland 
(Bowen ef a/., 1924). Anal. E. G. Zies (recalc. includes Na 0°018, K 0-004; cell dimensions from Agrell and 
Smith, 1960). 

*x = Number of missing O atoms in the formula Aly .2, 5b 
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near Strachur, Argyllshire, Scotland Smith 1965). Anal. D. G. 


6 7 8 9 10 
27°77 25°9 23°55 21°42 21°99 SiO, 
69°37 73°6 75°26 78°60 78°01 Al,O, 
0-90 _ 1:19 — — TiO, 
1°87 _ —_ 0:06 —_— Fe,0, 
0°30 _ _ _ _ MgO 
_ _ — 0:24 — Na,O 
— — — 0-10 _— K, 
0:10 K,0 
00°21 99°5 100-00 100-42 100-00 Total 
_— _— _— 1-640 1-634 a 
— - — — — B 
_ _ — 1-651 1°644 y 
_— _— —_ 0-011 0-01 d 
75468 9 — 7°5790 —-7°583 7:5875 aA 
76957 — 7:69 7:681 76801 bA 
2°8907 _ 2°88 2°8854 2°8876 cA 
167°89 _ 168°41 168-06 168-28 vA} 
1-487 1°379 1248 1-163 1-158 Si 
4378 4621 4°704 4°837 4°842 Al 
_— _— — _ — Cr 
0-075 — — _— _— Fe** 
0-024 _— _ —_ — Mg 
0-036 _— 0-048 _ _ Ti 
0:26 0°31 0°38 0°42 0°42 *y 
6 Mullite (pleochroic from lilac to colourless), spinel~miullite- brookite- glass buchite, Sithean Sluaigh, 


. Smith. 


oo 


= 
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Mullite, associated with corundum at margin of kyanite in partially melted kyanite eclogite nodule in 
kimberlite, Roberts Victor mine, South Africa (Switzer and Melson, 1969). Microprobe anal. 

Synthetic mullite (RBec of Agrell and Smith, 1960), coexisting with corundum in electrically fused glass tank 
block (Rooksby and Partridge, 1939), and used for structure determination by Burnham (1963, 1964a). Elec- 
tron probe partial anal. by J. V. Smith. 

Synthetic arc-fusion mullite (Aramaki and Roy, 1962). Anal. H. Haramura (recaic. after deduction of 3% 
corundum impurity). This material has 2V 61 °, sp. gr. 3:16. 

Arc fusion product (‘Forster’ of Agrell and Smith, 1960); new anal is by Cameron (1 
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1°6 


ce) 
78:3, SiO, 21:4; a 7°587 8, b 7-682 0, c 2:87 OA, V 168-28 A: a 1°638, rede s 
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mol. per cent Al,O; but are subject to small systematic increases when Fe and/or 
Ti is in solid solution; Cameron (1977b) concluded that the chemical composition 
and not Al-Si order is the main variable (continuing lines of best fit beyond the 
most aluminous specimens indicate that they are likely to cross near x = 0°63, 79 
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thorhombic; tetragonal mullites were in fact described by Ossaka (1961). 

A Mossbauer study of an Fe-rich mullite (Cameron, 1977c) has shown that all 
the iron is probably in the ferric state, the size of the quadrupole splitting imply- 
ing that the Fe** is mainly on octahedral sites in the chains parallel to z. Sub- 
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thetic Al-rich mullite (Nakajima and Ribbe, 1981). 


Chemistry 
Following the original recognition of mullite as a natural mineral (Bowen et ai., 


1924), there have been relatively few natural occurrences on which chemical 
studies have been carried out, due to the typically fine-grained character of the 


mineral and the difficulties af ite cenaratinn: ceven analucac af mullitec are 
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presented in Table 67, together with three analyses of synthetic compositions 
somewhat richer in alumina and on which structural work has been done. The ad- 
vent of the electron probe microanalyser has enabled this phase to be studied 
more readily. 
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dicated that a wide range of Al/Si ratios may exist. From detailed work on 24 
mullites Agrell and Smith (1960) considered that there is a solid solution series 
between the extremes 3A1,0;.2SiO2, 2Al,0;.SiO2, and 3(Alo.9Feo. 1)203.2Si0O2. 


Durovic (1962) gave the mullite formula as Al[Siz.Al O(1-x)/2] to represent a 
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mula was given by Cameron (1977a) as Algs2.Siz-2,O;9-. where x shows directly 
the number of missing oxygen atoms per formula unit. With this formula x = 0 
and | represent sillimanite and Al,O; respectively, 3Al203;.2SiO, has x = 0°25, 
and 2A1,03.SiO2 has x = 0°4. The mol. per cent Al,O; in the series is given n by 1 


ns of the more numerous synthetic mu lites have in 
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given in Table 67. 


In three assemblages of widely different paragenesis, however, sillimanite and 
mullite have been found in apparently stable coexistence, and this has been inter- 
preted (Cameron, 1976b) as evidence for the presence of a miscibility-gap between 
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Table 67), from a xenolith in the Bushveld complex, gave rise to a non- 
stoichiometric sillimanite (with excess Al) together with a mullite richer in Al,0; 
(Cameron, 1976c). The natural occurrence of a phase midway between that of 
sillimanite and 3 : 2 mullite has also been reported (Cameron, 1976a), but the 
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the virtual absence of Ti, replaces octahedral Al. 
Experimental Work 
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temperatures considerably greater than pertinent to natural environments. 
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Much of the earlier work is discussed in the comprehensive review by Agrell and 
Smith (1960) and in the more recent report by Cameron (1977a). Muilites which 
crystallize from liquids have compositions ranging from 57 to 76 mol. per cent 
Al,O; (0°17 < x < 0°6), depending on the temperature of crystallization and cool- 


ing rate: fora given cooling rate the alumina content increases with temperature, 
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but rapid quenching of high- alumina compositions produces even more 
aluminous mullites. Mullites formed by reaction in the solid state have 
temperature-dependent compasitions over a more restricted range, 60-66 mol. 
per cent Al,O3, the higher value being that at which melting commences. There is 


a complete range of composition and clustering around the 3:2 or 2:1 


Al,0; : SiO? stoichiometric. composition does not occur (see also Fisher and 
Shmitt-Fogelevitch, 1979). 

The closest approach to equilibrium compositions for mullite solid solutions at 
different temperatures might be expected when crystallization has taken place 
from a slowly cooling liquid. The form of the eauilibrium diagram for the 
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Al,0;3;-SiO2 system was determined by Bowen and. Greig (1924) and a revised 
version was presented by Aramaki and Roy (i962); see also Weich (196i). in the 
light of recent work, Cameron (1977a) has summarized the possible relationships 
in a hypothetical pseudobinary phase diagram for the system Al,SiO;- Al,O; 


(Figo. 312). but notes that the geometry of the phase boundaries towards the Al.O, 
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composition must be speculative as the phase boundaries are cut by the stability 
field of corundum + liquid at high temperatures and corundum-muilite in the 
subsolidus region. Quenching from bulk compositions more siliceous than the 
2 : 1 ratio at temperatures near that of the peritectic results in mullite (x = 0°45) 


whereas much more rapid quenching from well above the Hauidus gives mullite 
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metastably until a composition of about 76 mol. per cent Al,O; is reached; there 
is abundant evidence that there are no ordered compounds of simple 
stoichiometry in the system (see also McPherson, 1980). 
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Fig. 312. Possible phase diagram for the system Al,SiO,- Ai,0, in the presence o 
nent liquid with the field of mullite + corundum removed (after Cameron, 1977a). 
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The stability field of pure mullite, because of the compositional difference, 


ea ret cteine en 


cannot strictly adjoin the fields of andalusite or sillimanite but should overlap 
with them, whereas the breakdown reactions of these two phases should be 
AL,SiO; > mullite + silica. Schreyer (1976) considers three possible P- 7 
diagrams (Fig. 313): for a relationship such as shown in Fig. 313b, sillimanite 


should become progressively more aluminous with decreasing pressure. The ver- 
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Fig. 313. Possible P- 7 stability limits of the Al,SiO, phases and mullite. In case (a) and (c) mullite 
is presumed to be of a more aluminous bulk composition than Al,SiO;, but in case (b) the possibility 
of complete solid solution between sillimanite and mullite is envisaged as a function of P and T (after 
Schreyer, 1976). 
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sion in Fig. 313c is supported by the thermochemical calculations of Holm and 
Kleppa (1966) and Weill (1966) and involves the stable conversion of andalusite to 
sillimanite even at atmospheric pressure and the breakdown of the latter to 
mullite + SiO, at higher temperatures. More detailed X-ray and analytical work 


on natural and synthetic mullites is necessary to resolve the problem (see also 


Burnham, 1964b). 

Fe-bearing mullites with SiO, contents greater than those of 3 : 2 mullites were 
synthesized by Muan (1957), and the solid solution of TiO, in mullite in the 
system Al,0O;-TiO.-SiO, has been studied by Green and White (1974) who 
reported that mullite can contain up to 6 per cent TiO, at 1720-1740°C. The 
heating of beryl and beryl glasses at 1200-1700°C was reported to give a 
metastable hybrid Be,Ali silicate regarded as a beryilian mullite (Miller and 
Mercer, 1965). Earlier work on the synthesis of mullite includes that of Neuhaus 
and Richartz (1958) who grew single-crystals of 3:2 and 2:1 mullite in a 
modified water-cooled Verneuil-tyne annaratus (see also Okuda er al., 1965); the 
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Czochralski method has been used for producing single-crystals of mullite up to 2 
x 6 cm in size (Guse and Mateika, 1974). Synthetic single-crystals of mullite 
grown by the Czochralski method were reported to show a small range of solid 


solution between mullite and Al,O; from about 75 to 77:3 wt. per cent Al,O; 
(2: lratio Al,O; : SiO2); no3 : 2 mullite (71:8 wt. %AI,0;3) was observed (Guse, 
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1974). Acicular mullite crystals up to § cm long and 0°2-0°5 mm thick were ob- 
tained by Dunin-Barkovskii e¢ a/. (1970) using MoO; as a flux and a closed alun- 
dum crucible maintained at 1470-1250°C for 10 days. The role of mineralizers 
on the yield and size of mullite crystals in fired clays has also been discussed by 
Chaudhury (1969). Konopicky et al. (1968) reported that as temperature in- 
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creases, Fe,0; and TiO, in mullite firebricks decrease and Al,QO; increases, and 
that the reverse occurs with decreasing temperature (see also Shmitt-Fogelevich 
and Goncharov, 1962, who reported that mullite from burnt clays had 
0°44-6°32% Fe.0; and 0°19-2:°14% TiO2, the amount decreasing with decrease 
in ignition temperature). 

Mullite containing approximately 78wt. per cent Al,O; precipitated from 
SiO 2- Ai,O; melts containing 60 wt. per cent Ai;O; at = 1325 + 20 °C (Risbud and 
Pask, 1978); this is the boundary of a previously calculated miscibility gap 
(Risbud and Pask, 1977), but see Jantzen and Herman (1979). When the 


homogenized melts within this gap were heat-treated. the AI-.QO. in the mullite 
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decreased with a corresponding. increase in the Al,O; content of the glass. A 
similar decrease of Al,O;3 in mullite was observed when crystallized melts were 
reheated at 1725 + 10°C; the lowest Al.O; content (# 73°5 wt. %) was in melts 


that were heated for 110 hours. All these melts indicated that the composition of 
the precipitating mullite was sensitive to the heat treatment of the melts. 
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Konopicky and Patzak (1966) reported that conversion of andalusite to mullite 


began at 1300 °C and was completed at 1500 °C after 2 hours; muilite prepared at 
above 1450 °C gave more intense X-ray reflections, attributed to a change in 


structural disorder. When FeO; was present in kyanite, mullite could be produc- 
ed by heating for 2 hours at 1400 °C. The exnerimental! transformation of an- 
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dalusite into 3:2 mullite (3Al,0;.2SiO,) plus vitreous silica in the range 
1300-1600 °C has been interpreted in terms of a topotactic transformation in 
which (011) and (011) planes of andalusite transform into (201) and (201) planes 


of 3 : 2 mullite (Pannhorst and Schneider, 1978); in this way the a- and f-axes of 


the two phases are interchanged. The AIl-O octahedral chains narallel to z axes 
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in both structures are thus preserved during this transformation. 
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The topotactic transformation of sillimanite to mullite at 1600 °C was con- 
sidered by Guse ef a/. (1979) to proceed in two steps, beginning with a ‘transition 
mullite’ which transforms into a final mullite of composition 3Al,0;.2SiO2. On 
the surface of the crystals a small amount of polycrystalline corundum occurred; 


the discarded silica did not crystallize 
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The thermodynamic properties of mullite were re-evaluated by Waldbaum 
(1965), who calculated the free energy of formation for 3:2 mullite as 
-1 545 093 cal/g.f.w. (see also Holm and Kleppa, 1966; Weill, 1966; and 
Pankratz et a/., 1963). The production of mullite by the heating of kaolinite may 
lead to a solid state reaction in which the shape of kaolinite is preserved during 
firing up to 1400 °C; only at higher temperatures does the needle-like habit 
typical of mullite appear (Schuiler and Kromer, 1976; see also Campos ef ai., 
1976). The production of mullite from kaolinite at lower temperatures by the 
thermal interaction with AIF; was reported by Locsei (1963) who obtained topaz 
as a by-product. Some of the many problems in the kaolinite- mullite reaction 


series were discussed by Brindley and Nakahira (1959a, b). 
The changes of Ai coordination in the formation of mullite from kaolinite in 
the presence of mineralizers and the nature of the cubic phase also produced have 


been the subject of much debate, the latter being variously described as y-Al,O; 
or an AI-Si spinel (Bulens er al., 1978). Chakraborty and Ghosh (1978) studied 


We Opresaewe Var tesvaaG Le Mr BCAA NE eae Nese Sees 


the Bhandak kaolinite and concluded that the cubic phase was indeed an Al-Si 
spinel, and that 980°C exotherm represents the transformation of metakaolinite 
to Al-Si spinel together with the crystallization of mullite and the liberation of 
amorphous silica; the spinel transforms into mullite at the second endothermic 


neak at 2 1250 °C. The effect of 28 exchangeable cations and 21 exchangeable 
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anions on the formation of mullite from halloysite was studied by MacKenzie 
(1969). The thermal transformation of pyrophyllite at 1200°C to preferentially 
oriented mullite and randomly oriented cristobalite was reported by Heller 


(1962). 
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straight extinction. The birefringence is fairiy high but often appears unduly iow 
because the fine needles are generally thinner than the thickness of the thin sec- 


tion. The refractive indices of mullite increase with increasing Al,O; content (for 
3A1,0;.2S1i02 a = 1°648; Cameron, 1977b); a further increase results from solid 
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solution of Fe.O; and TiO, in natural specimens, a value of 1°69 for y being given 
by material with Fe.O; 5:93, TiO. 0°55 per cent (Agreii and Smith, 1960): data 
from the literature are plotted in Fig. 314. The lilac colour and faint pleochroism 
parallel to z in some natural mullites can be atrributed to charge transfer between 


Fe3* and Ti** substituting for octahedral Al. The iron-bearing mullites may be 
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pale yellow whereas those free of Fe or Ti are colourless or white. The specific 
gravities of severai muilites were measured by Cameron (1977b) and used as 
evidence that they fitted the theoretical curve for a structure with Al+Si=6 rather 
than a fixed number (10) of oxygen atoms with interstitial cations (Fig. 315); the 


Fe- and Ti- bearing natural mullites are slightly denser than pure binary mullites 


lightly denser than pure binar lites 
for a given value of x. 
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Fig. 314. Refractive indices of mullite, siliimanite and andalusite (after Agreii and Smith, 1960). 
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Fig. 315. Experimentally determined (@, ©) and calculated (—) values for mullite density based on a 
fixed number of cations per unit ceii with oxygen vacancies (Ai + Si = 6) or a fixed number of O atoms 
with interstitial cations (O = 10): @ = Fe, Ti-bearing sillimanite and mullites, O = Fe,O; + TiO > 0°5 
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wt. per cent (arler Cameron, 19/ 7a). 


The infrared spectra of sillimanites and mullites have been studied in some 
detail by Roy and Francis (1953), Muller-Hesse (1960), Omori (1961), Hariya e 
al. (1969), MacKenzie (1972), and Cameron (1977b,c). The mullite spectra show 
two principal absorption maxima between 1 100 and 1 200 cm”™’; their positions, 


relative intensities and sharpness vary smoothly over the range 60-70 mol. per 
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cent Al,O3, and Cameron (1977b) suggests that these features can be used for a 
rapid determination of Al,03 content. The thermal conductivity of mullite at 
above 1500°K was determined by Cabannes (1971). Data on the strength, 
Young’s modulus, thermal expansion, and dielectric permittivity of sintered 
mullites synthesized from Al,O; and SiO, gels and from highly active y-Al,O; 


milled with colloidal SiO, were reported by Metcalfe and Sant (1975). 
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Distinguishing Features 


The extreme fine-grained needle-like morphology of mullite and its orthorhombic 
character combined with relatively high relief distinguish mullite from most 
minerals other than sillimanite. From the latter it could best be distinguished by 


the measurement of its cell dimensions from a c- V plot (Agrell and Smith, 1960) 
or an a- V plot (Cameron, 1977b) which enables aiso an estimate of the Al, Ti 
and Fe contents to be made; see also Hariya et al., (1969) and Fig. 310. Omori 
(1961) recommended the use of infrared spectra, claiming that by using this 
technique mullite could be readily distinguished from sillimanite; later work (e.g. 
Hariya et al., 1969; Cameron, 1977b) however, has revealed complexities but the 
presence of a peak at 1130 cm”! would appear to indicate mullite. The quan- 
titative determination of mullite by X-ray diffraction has been discussed by Pat- 
zak (1963) who recommended mixing with 30 per cent rice starch to avoid prefer- 
red orientation. Its determination in ceramic materials by treatment with 
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Dy Vas Gupta a and Joshi (1963). 


Paragenesis 


Mullite is perhaps commonest as a constituent of high-temperature refractory 


products but it also occurs naturally in metamorphic rocks of the sanidinite 
facies. It is found typically in pelitic xenoliths (buchites) in basic igneous rocks. 
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The type occurrence in Mull (Table 67, anal. 5) is in fused xenoliths in the 
tholeiitic silis of southwestern Mull, mullite itself being distinguished as a new 
mineral by Bowen ef al. (1924). A similar type of occurrence from a Car- 
boniferous shale in contact with a dolerite dyke, was described from Car- 


rickmore, Northern Ireland (Wright, 1924). Mullite-corundum- hercynite, 
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mullite - hercynite- pseudobrookite and cordierite- mullite- hercynite- magnetite - 
pseudobrookite assemblages (Tabie 67, anal. 6),with relatively coarse-grained 
mullite (Smith and McConnell, 1966: Pl.X, Fig. 1) have been described from a 
series of emery-like rocks adjacent to a dolerite plug in Argyllshire (Smith, 1965), 
where they are considered to represent the aluminous residues from banded 
pelitic/psammitic phyllites after a granitic fraction has been selectively re-fused and 
removed. Fine-grained cordierite~mullite and mullite-hematite-cristobalite- 
pseudobrookite porcellanites (anal. 3) have been described from a large inclusion in 
a dolerite plug at Tievebulliagh, Northern Ireland, where they represent a 
metamorphosed lateritic lithomarge (Agrell and Langley, 1958). In all these occur- 
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rences the high temperature of “the doleritic magma was responsible for the 


pyrometamorphism involved. Cordierite- mullite- cristobalite- plagioclase rocks 
with relict quartz have been ascribed by Bishop (1965) to the fusion of Lower Ter- 
tiary sediments of southern Otago by the spontaneous combustion of lignite seams. 
A similar origin has been suggested for some red Cretaceous clavstones from 
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Teruel, Spain, which contain quartz, cristobalite and mullite, the mullite amount- 
ing to around 30 per cent (Lopez Aguayo ef ai., 1974); associated non-red clays 
contain a normal quartz-kaolinite- calcite assemblage. A somewhat different 
paragenesis is shown by the material of Table 67, anal. 7, which occurs in a partial- 
ly fused nodule of kyanite eclogite i in kimberlite; quench textures with plagioclase 
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microlites in omphacite and an association of secondary corundum and mullite 
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with kyanite have been found (Switzer and Melson, 1969) and are attributed to par- 
tial melting of the primary kyanite eclogite due to sudden release of pressure 
followed by quenching as a result of rapid cooling in rising, expanding gas-rich 
kimberlite magma. 

The coexistence of mullite with sillimanite has been recorded from the Sithean 


Sluaigh aureole (Smith, 1969), and also in the m etamorphosed | lithomarges 
southeast of Albany, Oregon (Cameron, 1976b), originally described by White e/ 
al, (1968), where these two minerals occur with cristobalite, spinel and 
pseudobrookite all apparently pseudomorphous after plagioclase by contact 
metamorphism of a partly lateritized igneous rock. Sillimanite and mullite occur, 
together with occasional tridymite anhedra now reverted to quartz, graphite and 
rare cordierite, in buchites of the Rudh’ a’ Chromain sill, Loch Scridain, Mull. 
Cameron (1976b) considers that rather than representing shale xenoliths, the bulk 
compositions of the Mull buchites is more likely to represent the liquid products 
of nartial melting of the underlving Moine series. Corundum -sillimanite- mullite 
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rocks have been recognized from xenoliths in the critical zone of the Bushveld ig- 
neous compiex (Willemse and Viijoen, 1970) and are further described by 
Cameron (loc. cit.), see Table 67, anal. 4. Thermometamorphosed xenoliths in 


volcanic rocks of the Eifel district of Germany contain mullite associated with 
topaz, sanidine, sillimanite, pseudobrookite, and cristobalite (Hentschel, 1977). 
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The mullite from the Bellerberg in this area is pleochroic (blue- colourless) and 


contains 0°2 per cent B, leading Beyer and Schnorrer-KOhler (i981) to suggest 
that it was derived by transformation of dumortierite by fumarolic gases. 
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Ed 


Orthorhombic (—) 


an a1Z 01 
a 1°629- 1°64” 
B 1:634- 1:644 = -O11 

1°638 - 1-650 
5 0-009-0-012 | >| 
A. 

Ve siTBPBEE | al |, 
a=z,p=y, y =x, O.AP. (010). | Ol rs 
Dispersion: r<v /|\ | y 
D 3°13-3-16 | /\ | | 
H 6%-7% ff 4 
Cleavage; {110} good, {100} poor, / | 1 110 | 


(110):(110) = 89° fo 
Twinning: Rare, on (101). y/x 


Colour: Usually pink, but may be white or rose-red; also grey, violet, 
yellow, green or clouded with inclusions; in thin section normally 


colourless, but may be pink or green. 

Pleochroism: In coloured varieties weak, with @ rose-pink, f and y greenish 
yellow. 

Unit cell: a7°79, b7:90, c 5°56" A; V324 A}. 


Z = 4. Space group Panm. 


Andalusite is a mineral typically occurring as a result of low to medium grade 
contact metamorphism of argillaceous rocks, and was named from the locality in 
A wmAnlieoin Canin thaen 34 usa Leet hacer OTe variate phinctnlita charnsuye 

fANUAIUSIAa, Opal, were it WaS first obser vou. The VALICLy CniaStoute SNOWS a 
regular arrangement of carbonaceous and other impurities: these often form a 
cruciform pattern when viewed in cross-section and the name is derived ultimately 
from the Greek letter chi (y). The variety viridine is yellowish green and contains 
appreciable Mn.O; and Fe,0;. A manganese-rich species isotypic with andalusite, 


pith tdeaalesnA endimambkesr eeamencitinn Mn taAlan. (Lhananai tte) hac vrareant! 


with iG@eauizea ena-Memoe;#r CULLLPUSILIOLL Wifi AlSiO, (Kanonaite), nas recenuy 


been described (Vrana et a/., 1978). 


Structure 


The cell dimensions, number of formula units per unit cell and space group were 
first determined by Mark and Rosbaud (1926) and more detailed structural in- 
vestigations were carried out by Taylor (1929) and by Hey and Taylor (1931). 
There are chains of aluminium - oxygen groups parallel to the z axis, these chains 
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(1) Viridine has higher values 
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The chains are linked laterally by means of Si between four tetrahedrally arrang- 
ed oxygen atoms alterating with aluminium between five oxygen atoms: this five- 
coordination of Al is most unusual but was confirmed by Thorneley and Taylor 
(1939). The fundamental correctness of this structure was demonstrated in- 
dependently by Burnham and Buerger (1961) who refined the structure to a final 
R value for 354 reflections of 5:7 per cent (see Fig. 316). In the chains of 
aluminium octahedra, two of the Al-O bond distances are 1°83 A, two are 
1°89 A, and the two Al-O distances normal to the z axis are 2:09 A; the Al-O 
bond distances in the five-coordinated group are 1°82, 1°82, 1°82, 1°84 and 
1°88 A. The Si-O bond lengths, however, are all very similar at 1°62-1-64 A (see 
also Taylor, 1961; Sgarlata, 1962). The interatomic Al-O distances in andalusite 
were also studied by Siivola (1971) in relation to the energy differences between 
these atoms in the three polymorphs and a further structural refinement using 
neutron diffraction techniques was reported by Finger and Prince (1972). 

The volumes of the unit cells of the three Al,SiO; polymorphs and their molar 
volumes (after Skinner ef a/., 1961) are: 


V(A%) at 25°C ~— cm3/mol 


Andalusite 342°25 aL's5 
Sillimanite 331°41 49:92 
Kyanite 293-06 44°12 


confirming that andalusite has the largest specific volume and will thus be the 
polymorph favoured by lowest pressure conditions. 

Kanonaite, (Mn**,AI)AISiOs, is isotypic with andalusite and has a 9°753, b 
8°038, c 5619 A (Vrana et al., 1978). 

Refinement of the crystal structure of andalusite at 400, 600, 800 and 1000°C 
(Winter and Ghose, 1979) showed that within the five-coordinated Al, 





Fig. 316. Projection on (001) of the refined structure of andalusite showing cation- anion bonds. 
Shaded circles represent atoms at z = 0, stippled circles represent atoms at z = %, and clear circles 
represent atoms at z = ¥2 (after Burnham and Buerger, 1961). 
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polyhedron the four short bonds remain relatively unchanged, whereas the 
longest bond (Al,-O.) expands considerably. The unit-cell dimensions vary 
linearly with temperature, but at elevated temperatures significant deviations oc- 
cur between these results and those of Skinner et a/. (1961), see Fig. 317. The ex- 
pansions in cell parameters of a green, gem-grade andalusite over the temperature 


range 25- 1000°C were given by Schneider (1979a) as a 1°192, b 1-012, c 0°912 per 


cent. 

From a study of polarized Raman and infrared spectra of single-crystals, lishi 
et al. (1979) found the Al-O bond in andalusite to be = 70 per cent ionic in 
character whereas the mainly covalently bound SiO, tetrahedra show 2 40 per 
cent ionicity. The interatomic short range forces are strongest between Si and O, 
and rather weak around the five-coordinated Al. 

Polarized optical absorption spectra of natural manganian andalusites have 
revealed three intense absorption bands (at 14 250, 22 000 and 23 500 cm™') which 


are assigned to spin-allowed d-d transitions in Mn>* in the octahedral Al, sites. 
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Both Fe?* and ‘Mn?* are strongly ordered in this position and the increasing 
amount of Mn** substituting for Al** is reflected by the shift of the 14250 cm™! 
band and by the increase of the quadrupole splitting of the Fe** Mossbauer 
doublet (Halenius, 1978). The infrared spectrum of the greenish black aluminian 
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Fig. 317. Unit-ceil dimensions and volume as a function of temperature (after Winter and Ghose, 
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kanonaite (Table 69, anal. 8) was given by Vrana et a/. (1978) who also reported 
magnetic measurements for this Mn°*-rich. phase. The structure of this type 
specimen was refined by Weiss et a/. (1981) who showed that Mn is distributed 


between the six-coordinated M(1) (Mno.74Alo. 26) and the five-coordinated M(2) 
(Mng.,2Alo.38) position. Mean interatomic distances are M(1)-O 2°003, M(2)-O 
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1-850 A; a 7-959, b 8-047, c5°616 A. 

The nine elastic constants of andalusite were determined by Vaughan and 
Weidner (1978) who related the greater stiffness parallel to the z axis to the crystal 
structure; the shear moduli can be directly correlated with the relative rigidity of 
the cross-linking polyhedra 
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Electron spin resonance studies have established that iron, as Fe**, substitutes 
for Al?* mainly in the octahedral sites of the andalusite structure, i.e. in the 
chains which extend along the z axis (Holuj et a/., 1966). In viridine (manganian 
andalusite), the cell parameters a, b, c and V all increase with the Mn°* content, 


the increase being greatest for a (Herbosch. 1967; Abs-Wurmbach and Langer, 
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1975). The increase in the x direction i is twice as great as that in z and almost four 
times that in the y direction. Thus because the a and Db parameters are similar, 
whereas a < b for andalusite, as x increases (in the formula Al,..Mn3*SiOs) a 
becomes equal to b (when x is 0°4-0°6), and then greater than b. When a = b the 


viridine is pseudotetragonal 
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Chemistry 


Analyses of andalusites are shown in Table 68 together with their structural for- 
mulae recaicuiated on the basis of 20 (O). The mineral is relatively pure Ai,SiOs, 
the only other ion present in noteworthy amounts being ferric iron: this ion might 
be expected to replace Al more than it in fact appears to, and it is possible that the 
lack of ionic substitution between Al and Fe3* depends on the manner in which 
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the neighbouring (AlO.) groups are linked to share two oxygen ions (Rankama 
and Sahama, 1950). Jakob (1940) records the presence of considerable alkalis in 
andalusites, both Na,O and K,O being reported in olivine-green gem material 


from Minas Gerais, and it was suggested that the presence of alkali is necessary 


for the formation of andalusite and that on cooling it senarates as associated 
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mica: in view of later work on kyanite (Henriques, 1957), however, it must be 
considered unlikely that aikalis are present. Water contents of over 0°5 per cent 
have been reported, but the readiness with which andalusite alters to sericite and 
the frequent presence of finely divided foreign material makes these determina- 


tions dubious. For two transparent fresh specimens however, Wilkins and 
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Sabine (1973) obtained infrared spectra with bands attributable to OH; direct 


determination of OH as H2O gave 0:048 per cent; see also Beran and Zemann 
(1969) and Beran (1970). 


Viridine. The manganian variety lusite, (Al,Mn**),SiO; was first 
described as viridine by Klemm (1911) from a hornfels, near Darmstadt, Ger- 
many (cf. Table 69, anal. 6), though a manganandalusite from Vestana, Sweden, 
with 6°91 per cent Mn.O; had been described earlier (Backstrom, 1869). It was 
reinvestigated by Wulfing (1917) who regarded it as representing a distinct 


eneciee Mn rarant wnarte af viridin re ranracentad in Tahla 40> anal 7 with 
Jpevivo. iviore EVVOLEL repor ts wi vir 1aine are repr wWOVLIIVU in i adie Us ys anal. fy Will 


almost 22:0 mol. per cent ‘Mn,SiO,’ is one of the richest in MnO; and also con- 
tains 5°0 mol. per cent Fe,SiO;. More recently, however, a phase containing 


y of and 


a 
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Mn203 32°2 per cent has been described (anal. 8) leading to the formula 
(Mn**,AiI)AISiO; and the name kanonaite has been given to the ideal end- 
member composition Mn**AlSiOs. The term viridine is here retained for the 
distinctive green Mn? *-bearing variety of andalusite with composition 
(Al Mn?*Fe*AlSsiO kanon ted ta nhace 


(fa VEN peal Os, Kan icted to pnases 
(Mn?*>Al)AISiOs. 

As can be seen from Table 68, andalusites frequently contain smail amounts of 
chromium and vanadium. The distribution of these and other minor elements in 
15 andalusites has been studied by Okrusch and Evans (1970) who also considered 


the distribution of Fe,Q, and minor elements between coexisting andalusite and 
BASIL Wh OA wl 2-3 ang AAAAAANJZL WAWALAWAIALO UW WwW AOE ib u 


sillimanite in hornfelses. A more comprehensive study of trace elements was 
reported by Pearson and Shaw (1960) for seven andalusites, who noted that an- 
dalusite typically is poorer in Cr than the two other polymorphs. A detailed elec- 


tron probe investigation by Chinner ef al. (1969) showed that, viridine excepted, 


the only trancitinn_metal elamentec accurringa in amoniunte oreater than 0-0O1 ner 
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cent are Ti, V, Cr and Fe. Andalusite with Cr,03 < 2 per cent has been reported 
from unusual corundum - fuchsite rocks in Zimbabwe (Schreyer ef a/., 1981). The 
crystal chemistry of andalusite crystals at three stages of growth was studied by 


Sen (1971) for andalusites from Precambrian pelitic rocks from one locality in In- 


dias enme large cructale cantained un tan ASS n m af Ra Alhee and Chadnc 
MIG, OVEN 101 BY Vi yotalo VVELGQinteu Up ly sy PP: p- eolal. OI Ba. CALVO GALI Wivuvus 


(1969) reported 20-70 p.p.m. Ba for a single large porphyroblast. For the four 
andalusites for which major element analyses were reported by Dodge (1971), e.g. 
Table 68, anal. 5, spectrographic determinations of trace elements were also 
given. 
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Although the synthesis of andalusite was reported by Baur (1911), positive 


evidence of identification of the andalusite is absent. It was, however, hydrother- 


mally cr mthesize a by Roy (1954) who lictad criteria far ite idantificatin . 
may SY ntinesizea vy vy 10 usted criteria ror its 1agentirication in synth 


thetic assemblages: it was obtained from kaolinite or Al,0; + SiO, mixtures at 
450- 650°C and water-vapour pressure approximately 0°6- 2°0 kbar and occurred 
as minute crystals with a mean refractive index 1°635 + 0:004, together with 


hydralsite, mullite, corundum, etc. The synthetic material grew best on seeds of 


natural cructale: nnure ALO, + SiO. mivturec did nat atherwiece vield andaliucite 
BLQALULGL © YOLGIDy PUL SRAZNZ 3 TO ING? PAMALUIEDS UIE TEU ULIIUL WIOe YINIUE GIIUGIUOILL, 


Mixtures in the system MgO-SiO2- Al,03, however, did give andalusite, and the 
presence of MgO seemed to be helpful; this in fact possibly is connected with the 
five-coordination of one Al ion in andalusite, as Mg entering such a structure 
would be accommodated more suitably in higher coordination than four (Roy, 


1Q4A\ Cinen (1084) rannrAaed the hact rpanditinne Far the cunthaae af andalucita 
AFIT. WUD LL FYI) POV UILUOU LEI UROL CULIUILIUIIS LUT LTIN SYTILIIVOIS UL QAHUAGLUDSILE 


from kaolin + various sodium salts as 0°6 kbar and 700°C and reported that it 
was not formed in the absence of sodium. Neither magnesium nor sodium is 
essential to its production but they enter into solid solution and so serve to bring 
the stability field within the range of temperatures and pressures used in these ex- 
periments. Aramaki and R NOY later reported (1962, 1963) th tnat a synthetic phase 
previously referred to as andalusite is a new aluminosilicate, AS(H)-II, possibly 
having the same relationship to andalusite that mullite has to sillimanite; it has @ 


7°55, 58°27, c5°66A, and refractive indices a 1-625, y 1-641. 


The ALSiOs phas ediagram. The phase diagram for the three Al,SiO; polymor- 
phs is discussed n detail i in the kyanite section, p. 787, see also Fig. 324. Within 


that diagram, however, derived from equilibrium reactions between pairs of 
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Table 68. Andalusite Analyses 















































1 2 3 4 5 6 

SiO, 36°84 37°25 36°5 36°74 37°44 36°7 
Al,O,; 63°15 61:90 62°8 62°70 61°46 61°85 
TiO, tr. 0°05 0:04 0°01 0°10 0°03 
Cr,0, — — 0-02 0°04 0°02 
Fe,0, Oil 0°29 0°34 0°36 0°62 1:07 
FeO 0:00 0:04 — 0°05 — ~— 
MnO tr — — — —_— — 
MgO tr. 0- <0-02 0°03 0:06 0-01 
CaO 0°02 0°08 0:02 0°17 — 
Na,O 0:00 0:08 — — 0:00 — 
K,0 0:00 0°08 — 0°07 0°02 — 
H,0* — 0-39 — 0°15 0:00 ~ 
H,0° — 0-09 — 0-01 0°00 — 
Total 100°12 “100°27° 99°7 100°14 99°97 99-69 
a — 1°629 — 1-63) — ~_ 
p — — — 1°637 — _ 
y — 1°64] — 1642 — — 
6 — 0:012 — 0-011 — — 
D _ 3:02 — — — — 

Numbers of ions on the basis of 20 (O) 
Si 3°972_ 4:034_ 4:012_ 3°972_ 4052 3°988 _ 
Al 8-026 7-902 7912 7:994 7°842 7°922 
Cr _— | — 0-002 — 0°003 0°002 | 
v — — — _— 0:002 0°001 
Fe** 0-009 | 0:023 | 0:028 | 0°030 0°050 | 0°087 | 
Mg — ny 07010 | 2. 0-005 |... 0-009 2 0002 [,. 
x ~ r s:04 0.004 t7 98 o-oos | 795 0.001 rs 05 008 i 94° 9-002 rs 02 
Fe** 0:002 0-004 ~_— 0-005 —_ — 
Fe oon) game) fms) 
Ca — 0°009 — 0°003 0:019 — 
K —_ | o-olt | — | 0-009 | 0-003 | — | 


* Includes Ga 0-001. 


-—_ 


we 


qn 


Flesh-pink andalusite, Standish, Maine (Todd, 1950). Cell parameters a7:795 5, b 7:896 8, c 5°558 5 (all + 
0:001), V 51-538 cm°/moi. (Skinner et al., i961). Re-analysis for total Fe as FeyO3 by microprobe gave 0-4 


+ O°1 per cent (Richardson ef al., 1969). 


Coarse pink andalusite, with quartz and muscovite, South Dakota (Pearson and Shaw, 1960). Anal. E. H. 


eM SL PUES ASSESSES, WALES Searle brew Oiled, weeee 


Oslund (includes FO 01 %). 

Andalusite (coexisting with fibrolite of anal. $, Table 66), quartz- plagioclase - biotite - muscovite - andalusite- 
sillimanite pelite, Dalradian schists of northeast Scotland (Cameron and Ashworth, 1972). Electron probe 
microanalysis. 

Andalusite, kyanite-andalusite-sillimanite schist, Goat Mountain, Boehls Butte quadrangle, Idaho 
(Hietanen, 1956). Anal. L.N. Tarrant. 


al. ndah,. sillien ahlea ££ anal Ni harnfele Three Diverse ccohict Maweah anadransla 
Andalusite, andalusite - sillimanite ( Table Wy, ana. fy aawn micas, BALERS ENDYUES OUMIOL, INGYFLGI WYUGUIGIIBIL, 
California (Dodge, 1971). Anal. C. O. Ingamells (includes GazO, 0°01, P,Os5 0°02 %). 


Colourless andalusite grains (coexisting with pink grains with Fe2O, 2°20 %), andalusite-sillimanite hornfels, 
Steinach, Bavaria (Okrusch and Evans, 1970). Microprobe analysis. 
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7 8 9 10 11 12 
37-0 36°45 36:06 36°65 36°25 36°55 SiO, 
61:9 61:03 60°80 61:7 60°24 60°8 Al,0; 
0-02 — O11 0-04 — 0°08 TiO, 
0:01 _ — 0-01 ~ 0°01 Cr,05 
0:01 — — 0-01 — <0'01 V,0; 
1°19 1-48 1°61 1°75 2°54 2°74 Fe,0; 
— — — _— —_ — FeO 
— — _ — — — MnO 
0-02 tr. — 0-03 0:21 0°05 MgO 
_ 0°78 — — 0-41 _ CaB 
— — — _ — ~ Na,O 
— — _ — — _ K,0 
— _ 0:94 — _ ~ H,0* 
— _ — — _ — H,0° 
100-15 99°74 99°52 100-19 99°65 100-23 
— 1:632 1632 — 1638 — a 
~ 1-636 1-638 — 1642 — B 
— 1°643 1643 — 1-647 i y 
— 1011 0-011 — 0-009 — é 
— 3-147 3°13 — 3-162 ~ D 
4-002_ 3:976_ 3:972_ 3°973 3:969_ 3-981 Si 
7894 7°849 7-894 7:884 7-777 7:794 Al 
bor] | gor) 00 | Cr 
0-001 — — 0-001 _ Vv 
0-097 | 0-121 | 0-133 | 0-142 | 0-209 | 0-224 | Fe** 
0-003 — _ pn, 0:005 | o. 0-034 | . 0 008 M 
0.002 +8.00 7 F 8:06 0.009 } 8-08 0 003 rs-04 i rs 07 006 f 03 it 
— _— — — — Fe** 
=} =} =f =] sh =) % 
— 0:091 — — 0-048 Ca 
=f} omy ZT} T]HE : 


7 Andalusite, andalusite-sillimanite hornfeis, Cashel, Connemara, Ireland (Okrusch and Evans, 1970). 
8 Pink andalusite (coexisting with green andalusite : anal. 11), crystalline aggregate in pegmatitic rock, San 


Giorgio Morgetc, Reggio Calabria, Italy (Carlinc, 1972). 


9 Deep purple andalusite, quartzose pegmatite, Ninghanboun Hills, SW Division, Western Australia (Simpson, 
1931). Anal. H. P. Rowledge. 

10 Colourless andalusite (coexisting with pink andalusite: anal. 12), andalusite-sillimanite hornfels; Steinach, 
Bavaria (Okrusch and Evans, 1970). Microprobe anal. 

1t Green andalusite (coexisting with pink andalusite : anal. 8), crystalline aggregate-pegmatitic rock, San 
Giorgio Morgeto, Reggio Calabria, Italy (Carlino, 1972). 

12 Pink andalusite (coexisting with colourless andalusite: anal. 10), andalusite-sillimanite hornfe 


Bavaria (Okrusch and Evans, 1970). Microprobe anal. 
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Table 69. Viridine analyses 








1 2 3 4 5 6 7 8 

SiO, 35°71 39°5 35°8 35°41 32°35 33:90 32°62 32:2 
Al,O; 58°38 51°8 53:2 46°95 45°72 43°86 43°20 33°9 
TiO, 0:17 0:07 0°03 — 0°35 — — 0°01 
Fe,0, 2:21 3°3 2°90 0°82 6°60 4:57 4°83 0°66 
Mn,0,; 3°67 3°63 8:50 16°75 12°14* 16°68 19°56* 32:2 
MgO _ 0°33 0:23 — 0°21 — — 0-04 
CaO _ 0:40 0°02 — 161 _ — 0:0) 
Na,O — 0°18 _— — — — — 
K,0_ _— 0°33 = _— — _ 0:05 — 
H,0° = 0°31 — — ~_ — — 
H,0- _ 037.0 — _ a _ _ 
Total 100°14 »=100°32.—s—:1100°7 99-96 100:29 99-01 100'26 = 99-21 
a 1°649 1:658 — — 1:679 — 1°705 1-702 
B 1-652 1-662 — — — _ 1:728 1:730 
y 1°661 1:670 — — 1:727 _ 1:770 1°823 
fs) 0°012 0-012 — — 0°048 — 0°065 1-121 
2vV, 59°-69° 68°-77° — — _— — 62 °-72° §3° 
Dp 319 3°14 _ _ 3°21 ~ 3°29 3° 395 

Numbers of ions on the basis of 20 (O) 
Si 3°933 4:392 3°999 4:072 3°819 3:998 3°850 3-974 
Al 7°580 6°790 7-005 6°365 6°363 6'099 6°012 4-932 
Fe°* 0°183 0°276 0:244 0-071 0°587 0°406 0°429 0°061 
Mn* 0°308 0°307 0°723 1:466 1:09] 1497 1°756 3-025 
Mg — 0:055 0:038 _ 0:074 — — 0-007 
Ti 0:014 0:006 — —_ 0:031 — — 0°001 
Na — 0:039 _— —_ — _ _ — 
Ca — 0°047 0-002 — 0°407 — _— 0-001 
K — 0°047 — — — _~ 0°007 _ 
z= 12°02 11-96 12°01 11:98? 12°37 12°00 12°05 12:02° 
° Includes Cr 0-003. 


“Includes Zn 0:012, Ba 0:002, Cu 0:001. 
* MnO value in original analysis recalculated to Mn203. 


1 Viridine (a yellow-green, § emerald-green, y golden yellow), Archaean metasediments, Mount Ragged, 
W mote BM eantan ha 
2 Green disc-like aggregates of viridine (a yellowish green, § emerald-green, y golden yellow) in metasediments, 
Ultevis, Sweden (Odman, 1950) (includes F 0-10). 
Viridine, piemontite- amphibole rock, Mwhana, Tanzania (Meinhold and Frisch, 1970). Microprobe anal. 
Viridine, low-grade regionally metamorphosed chlorite- mica schist, southern Venn-Stavelot massif, 
Ardennes, Belgium (Kramm, 1973) (includes Cr2O3 0°03). Microprobe anal. 
5 Viridine (a yellow to apple-green, 8 dark grass-green, y deep yellow), Yakutia, USSR (Serdyuchenko, 1949). 
Anai. D. P. Serdyuchenko (properties from Shabynin, 1948). 
Viridine crystal, viridine-spessartine - quartz hornfels, Darmstadt, Germany (Abraham and Schreyer, 1975). 
Green viridine, viridine - muscovite - quartz schist, Salm-Chateau, Belgium (Herbosch, 1967). 
8 Greenish black aluminian kanonaite (@ yellowish green, f bluish green, y deep golden yellow), porphyroblast 
in gahnite - chlorite - coronadite- quartz schist, near Kanona, Zambia (Vrana ef a/., 1978 (includes Pb 0°01, 
ZnO 0°13, BaO 0°04, CuO 0°01). 
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polymorphs, the andalusite- sillimanite equilibrium curve is perhaps the one least 
satisfactorily determined. The heat of reaction andalusite-sillimanite has been 
determined as 480 + 120 cal at 968 °K (Holm and Kleppa, 1966), leading to a free 


energy change at this temperature of 190 + 410 cal/mol which has too great an 
uncertainty for determining the position of the equilibrium curve. Weill and Fyfe 


(1961) and Weill (1966) showed from cryolite solubility data that, at 1010°C, 
sillimanite is more stable than andalusite and that the free energy change AG®,,,.. 
for andalusite-sillimanite is 9 + 7 cal; thus Fyfe (1967) estimated the free energy 
value for this reaction at 750°C and 1 atm as 169 + 194 cal/mol. 


The enthalpy of solution of natural andalusite was measured by Anderson et 


weatas Vy Cessrewn owas 


al, (1977), who obtained a value of 7°55 + 0°20 kcal/ g.I f.w.; in conjunction with 
results for sillimanite (Anderson and Kieppa, 1969) of 6°88 kcai/g.f.w. this gives 
AH’ (973 °K) of the andalusite to sillimanite transition as 0°67 + 0°23 


kcal/g.f.w. and a calculated dP/dT slope of -12 + 4 bar/°K at 973 °K. This 
result compares well with the dP/dT slone of -13°7 har/°k of the AI.SiO. 


awouse vos VV Was YY AUER FEE WA / UE vay pw vais Be Vn base SR 5 


diagram given by Holdaway (1971); see also the review of thermodynamic data by 
Heigeson et al. (1978). The andalusite- sillimanite transition was experimentally 
bracketed by Richardson et al. (1969) by observation of reversals of the transi- 
tions in mixtures of the polymorphs; these authors reported that even at 


850-950 °C the reactinn wac much mare clagich than for either far kvanite — 
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sillimanite or kyanite-andalusite transitions. The equation thus obtained to ex- 
press the univariant equilibrium boundary was P (kbar) = 0:0243 T (°C) + 20°59. 
Previously the position of this boundary had been determined by Althaus (1967) 


using hydrostatic pressure apparatus and by Pugin and Khitarov (1968) using 


colid-medium nrececure annaratiic 
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Refinement of the andalusite structure at high temperatures (Winter and 
Ghose, 1979), showed that not only do polymorphic transitions involve major 
reconstructive transformations but also that the andalusite - sillimanite transition 


requires diffusive interchange of half the Si and Al, atoms. As a consequence, 


although metastable existence of these two polymorphs is common, coherent 


retast polymorphs is common, coherent 
replacement textures are rare. 

Shock compression experiments on gem-quality single-crystals of andalusite 
have indicated a progressive shock-induced transformation to short-range- 
ordered Al,03; and SiO, phases in the 360-575 kbar range (Schneider and 


LUnarnemann 1079797° Gchnaider 107Q0h)> at araater nreaceurac tha andaluctea hreaakec 
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down to incoherent y-Al,03, well-crystallized a-Al,O3; (corundum) and X-ray- 
amorphous SiO). The structural deformation of such shock-loaded andalusite 
was interpreted by Schneider (1979b) in terms of rotational gliding. 

On adding (Fe,Mn)** to the system, Strens (1968) has calculated that the an- 


. one : . 
dalncite—_cillimanite curve can he concideread ta rntate ahont the invariant noint 
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first eliminating the sillimanite field and then penetrating the kyanite field; wide 
zones of viridine + sillimanite and viridine + kyanite are thus formed. Later work 
(Abs-Wurmbach et al., 1978) at up to 1400 °C has shown that the most stable and 
most Mn-rich member of the series containing about 20 mol. per cent Mn end- 


amber nercicte tA a mavimium nracenra anf MIA Lhar and malte inrnnariant 
memoer PLotols to Q@ IMAGALINUIIE Pressure Ui ™ 1% AVA allu meits incongr uently in 


the presence of H2O at 10 kbar, = 1050 °C. Mn-rich members, kanonaites, could 
not be synthesized. 

The solubilities of macrocrystalline andalusite (and kyanite) have been 
measured in water between 400 and 500 °C at 1- 3 kbar by Brown and Fyfe 


qaszray Oy vOrued quiziuy Wild interpr eted tne resuits as indicating that these puases 


are in equilibrium at 398 °C (1 kbar), 472 °C (2 kbar) and 534 °C (3 kbar). 
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Detailed experimental work on the join Al,SiO;-‘Mn,SiO;’ of the system 
Ai,O;-SiO,-MnO- MnO, in the P- 7 range 10 - 20 kbar and 900- 1050 °C has 
been reported by Abs-Wurmbach and Langer (1975). Between 10 and 18 kbar at 


900 °C, Mn°**-substituted strongly pleochroic andalusite (viridine) was obtained; 
at 15 kbar the compositional range is about (Al; .g36Ming.:4)S105-(Al,.56Mno 


ace weer steams FS aS GUUS BAL + BGAY REE Oe Layers Vf eed SGiveas + Gg gm 


SiO;. Al-Mn** substitution is appreciably higher in andalusite than in kyanite 
(limited at Ai,.gsMno.,2), demonstrating a strong Jahn-Teller effect of Mn** in 
the andalusite structure, which stabilizes this structure type at the expense of 
kyanite and sillimanite and thus considerably enlarges its P- T stability range. At 


‘Mn SiO.’ concentrations higher than the maximum viridine miscibility. Abs- 
Nin 2310 5 awwas an BRACAAVLL AEA UHARE as AEATOUAUIEILY y AOS 


Wurmbach and Langer reported that braunite, pyrolusite and SiO; occur in coex- 

istence with Mn°*-saturated andalusite (see also Abs-Wurmbach et a/., 1981). 
Thermochemical data for andalusite have been given by Kelley (1949) and Todd 

(1950), and DTA curves have been recorded by Houldsworth and Cobb (1923) and 


Mrhadlay_Datracuan (105A) AnaAalincita may alter rather aacily tr caricita the 
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variety chiastolite begin particularly liable to this type of alteration along the lines 
of carbonaceous inclusions. Other alteration products include sillimanite and 
kyanite (by inversion with rising temperature or pressure), e.g. the ‘chiastolite’ 
hornfels from Carn Chuinneag where the andalusite has been replaced by brush- 


ibe agareaatec af kuanite ar neendamarnhe af kvanite and chimmer agcareaate 
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(Tilley, 1935; Harker, 1954, Fig. 1), pinite, corundum, spinel and feldspar, 
kaolinite, and also ‘westanite’, the latter apparently consisting of a core of 
andalusite surrounded by pyrophyllite. Pseudomorphs after andalusite in the 
Lower Palaeozoic pelitic rocks of the Trondheim region consist of paragonite with 


minar micenvitea and ara intarnratad hy Roa 41Q7A\ ac renracanting retradarecciyva 
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metamorphism from kyanite which had previously formed from andalusite. The 
selective replacement of the aluminosilicate polymorphs by muscovite when more 
than one polymorph is present was investigated by Kwak (1971) who concluded 
that the general sequence of decreasing stability is sillimanite > andalusite > 
kyanite. The partial or complete alteration of chiastolite to an outer zone of 
chlorite and an inner zone of either margarite or a mixture of margarite and 
paragonite was reported by Velde (1970). The equilibrium dehydration curves for 
pyrophyllite- andalusite-diaspore and pyrophyllite- andalusite- quartz are given 
by Henley et a/. (1980). 


efringence is on 
slightly by the entry of ferric i iron. 

For manganian andalusite, viridine, Wulfing (1917) noted that the optic sign 
becomes positive, with orientation a = x, y = 2, and he therefore regarded it asa 
separate species. The colour of viridine in hand-specimen is distinctly greenish 
and in thin section it shows distinctive pleochroism, e.g. that of Table 69, anal. 2, 
has @ yellowish green, f emerald-green, y golden yellow. Darker greenish black 
viridine such as that of Table 69, anal. 5, has strong pleochroism from yellow to 
grass-green and apple- -green (f > y> a); see also Heinrich and Corey (1959). The 
variation in optical properties for four of the analysed specimens of Table 69 is 
plotted in Fig. 319. The refractive indices and birefringence increase rapidly with 


increasing Mn** content and the specific gravity also increases. Viridine in 
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Mol. per cent Fe,SiO, 


Fig. 318. Variation in refractive indices and specific gravity of andalusite with mol. per cent 
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Fig. 319. Variation in refractive indices and specific gravity of viridine with moi. per cent Mn,SiO,. 


manganiferous quartz-mica schists in the Chiroro River area, Hidaka Moun- 
tains, Japan (MnO; 14°98, Fe.O; 1°34) has a (emerald-green) 1°685, B (yellow- 
green) 1°703, y (golden yellow) 1°735 2Vy 70 ° -72 °, with a 7°898, b 7:976, c 
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preted from infrared spectra as due to Mn?*. Some strongly coloured viridines 
show strong dispersion resulting in anomalous interference colours. 

The extinction of andalusite is normally straight, but as the dominant form is 
the prism {110} and the best cleavage is also {1 10}, in cross-sections the extinction 
is symmetrical. Prismatic sections are length-fast parallel to the cleavage, 
although synthetic material, when it has an elongated habit, is length-slow (Roy, 


1954). The compressibility of andalusite from synthetic aggregate was measured 
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at 1 bar and 25°C as 0°77 + 0:04/Mbar (Brace eft a/., 1969). The thermal expan- 
sion between 25 and 1050°C and detailed indexed X-ray powder diffraction data 
are given by Skinner ef a/. (1961). The colour and pleochroism appear to be 
related chiefly to the iron and manganese contents, the pink and red varieties con- 
taining iron while the green crystals contain manganese: quantitative 
measurements of andalusite pleochroism were made by Berek and Strieder 
(1933). The polarized optical absorption spectra of a pleochroic andalusite from 
Brazil were studied by Faye and Harris (1969) who attributed the weak visible 


pale yellow- green pleochroism of relatively thick x-y sections to variation in in- 
tensity of an ultraviolet centred band due to O? ~ Fe** charge transfer. The in- 
tense reddish brown pleochroism in sections containing the z axis was considered 
to be the result of Ti** > Ti* charge transfer (Ti 0°04-0-1% in the sections used). 

For a synthetic viridine (Abs-Wurmbach ef a/., 1981) with 8 green and y yellow, 


the polarized absorption spectra shows bands interpreted as due to Mn** _ The i in- 
frared spectra (2°5- 25 pm) of andalusite and viridine were studied by Herbosch 
(1967) and the visible and near-infrared spectra (0°3-2°5 um) of andalusite were 
given by Hunt and Salisbury (1970); see also Omori (1961). The infrared absorp- 
tion pleochroism has also been studied by Beran and Zemann (1969) and Beran 


(1970) and interpreted in terms of the presence of minor amounts of OH ions. 

T he dark areas in chiastolite are usually in the centre of each crystal, represen- 
ting the initial growth stage when the structure was unable to free itself from in- 
clusions, and along the diagonals, representing the trace of the prism edges as the 
crystal grew, the foreign matter being brushed aside to the edges by the crystal 


growth ‘which was most effective in directions Perpendicular to the prism faces. 
However, Petreus (1974) considers that the habit and structure of the chiastolite 
variety are secondary and represent stages in the destruction of the original lattice 
under the influence of the divided primary structure. 

The adsorption of impurity ions on the surface of andalusite during growth has 
been discussed by Dowty (1976) who considered that the unusual five- 
coordination of aluminium in Ai(2) would make this site very intolerant of 
foreign cations, which could thus be expected to be concentrated in the Al(1) sites 
exposed on the {001} sectors. Dispersion is weak, with normally r< v and more 
rarely r > v. Andalusite commonly occurs in euhedral crystals or columnar ag- 
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gregates: finer fibrous aggregates are also found, however, and for such an ag- 
gregate from Czechoslovakia the fibre axis was found to be z (Rosicky, 1941), 
and in schists also andalusite shows a strong tendency to parallelism of the z axes 
(Schrocke, 1954). On heating to between 1450 and 1500°C it is converted to 


mullite GAIO, 2Si0,), and is used as such in refractories: andalusite from South 
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Africa (Duke, 1973), California and Sweden is mined and calcined for this pur- 
pose. Some green and reddish brown andalusite with strong pleochroism from 
Minas Novas, Brazil, is used as a gemstone: polished slices of chiastolite have 
been worn as charms. It has been suggested that a pleochroic mineral such as an- 


dalusite may have been the ‘sunstone’ used by the Vikings for determining direc- 
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tion relative to the sun by using the polarization of the sky (Ramskov, 1967). 


Distinguishing Features 
The aimost square cross-section, high relief, iow birefringence and iength-fast 
prismatic crystals are characteristic. An acute bisectrix figure with large (-)2V 
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may be obtained on {001}, i.e. on a section showing the two good cleavages at ap- 
proximately 90°. The pleochroic varieties may be distinguished from orthopyrox- 
ene as the latter is length-slow and has higher birefringence. Golden yellow- 
greenish viridine may be distinguished from epidote by the straight extinction of 


the viridine: enidote-croun mineralc with ctraight extinctinn do not chow yellow- 
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green pleochroism. Kornerupine, (Mg,Fe*’,Fe*’,Al)40(Si,B):sOs6, has a smaller 
2V, so has sillimanite which is distinguished also by being length-slow and by hav- 
ing a greater birefringence and a positive sign. Thulite has a greater refractive in- 
dex. The arrangement of the inclusions when present in the chiastolite variety is 


Paragenesis 


Andalusite is found typically in the argillaceous rocks of contact aureoles around 
igneous intrusions, where it is often associated with cordierite. In the early stages 
of such metamorphism it occurs as anhedral grains but rapidly acquires a 


prismatic Outline, pushing aside enclosed foreign matter to form the chiastolite 
pattern: in a more advanced grade the andalusite becomes clear of inclusions. 
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Under conditions of higher temperature and pressure it may become unstable and 
invert to its polymorphs sillimanite or kyanite; paramorphs of kyanite preserving 
the distinctive black cross of andalusite have been reported from the Kola Penin- 
sula (Garifulin, 1967). Diagrams showing the possible fields of stability and in- 


versions Of the Al,SiO; group of minerals have been given by Miyashiro (1949), 
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Thompson (1955), Clark et al. (1957), and by many others: for a Summary of 
more recent interpretations see the section on kyanite, p. 788 and Fig. 324. An- 
dalusite has been found together with kyanite and sillimanite in the cordierite- 
bearing mica schist of Boehls Butte quadrangle, Idaho, and Hietanen (1956) 
believed that this assemblage resulted from fluctuation of temperature and 
stresses during complex regional and thermal metamorphism: see also Wilson 
(i929). A model invoiving the metastabie crystailization of andalusite in a contact 
metamorphic terrain adjacent to the Coast Range batholith, British Columbia, 
has been proposed (Hollister, 1969) to interpret a constant P (calculated to have 
been 5°5-7°1 kbar) increasing T sequence of polymorphic transitions andalusite 
to kyanite to sillimanite (see also Loomis, 1972). Coexistence of all three 
polymorphs has aiso been recorded by Guerirard and Pailler (1971) from 
staurolite- garnet- mica schists in southern France; see also Fediukova (1971), 
Grambling (1981) and Lefebvre and Naert (1978). It is probable that in such cases 


equilibrium has not heen established and that one or more of these AI-SiO. 
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minerals are present as metastable relics. Intergrowths of andalusite and 
sillimanite have been recorded in the pelitic gneiss of the Ross of Muii aureoile 
(Bosworth, 1910). The formation of andalusite from kyanite where the kyanite 


gneiss of a regionally metamorphosed belt enters this aureole was demonstrated 
by MacKenzie (1949): here the hhie colour of the Lvyanite cructale hacamec in 
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terspersed with pink where they have been transformed into andalusite. At the 
contact with a Hercynian granite in the Alpes Maritimes, medium-grade contact 
metamorphism developed andalusite and prismatic. sillimanite in a 
biotite - plagioclase-fibrolite-kyanite- garnet gneiss previously formed by 


regional metamorphism (Compagnoni et a/., 1974). The crystallization of the 


three Al,SiO; polymorphs, it must be emphasized, is controlled principally by the 
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P-T conditions of metamorphism (see Fig. 324, p. 789); thus andalusite should 
be considered not as a mineral typical of contact metamorphism but as a phase 
which will crystallize in rocks of suitable chemical composition in the appropriate 
P-T conditions. It may be transformed to kyanite by a subsequent rise in 


pressure or even, in some thermal aureoles, its place may be taken by kyanite, e.g. 


in the Main Donegal granite (Naggar and Atherton, 1970) where there is a local 
development of stress or intrusive pressure (see p. 795). 

In many areas of regional metamorphism of pelitic rocks, andalusite-cor- 
dierite schists occur in association with staurolite and garnet. Such occurrences 


. 
have long been recognized in the Buchan district of northeast Scotland (Read, 


1923) and attributed to an environment somewhat deficient in the shearing stress 
present in other areas of regional metamorphism. The recognition that this 
association is widespread, not only in Scotland but also in Japan and other coun- 
tries led Miyashiro (1961) to describe it as the low-pressure intermediate type of 


matamnarnhicm fac ANnNNnN a 
metamorphism (as opposed to the andalusite-sillimanite type typical of the 


Abukuma Plateau of Japan). In the French Pyreness, Guitard (1965) has describ- 
ed four subfacies of low-pressure regional metamorphic rocks which are classed, 
with increasing pressure, as (i) the Abukuma type, with andalusite + cordierite 
(almandine stable only in the sillimanite zone), (ii) the Caranca type, with an- 


‘elect . : ar . ee 
dalusite + cordierite + almandine (biotite + andalusite associated), (iii) the Lech 


type, with andalusite + cordierite + almandine (stable in the cordierite zone), and 
(iv) the Canigou type, with andalusite + cordierite + almandine + staurolite. It 
was later demonstrated that one reaction giving rise to andalusite in this area was 
almandine + muscovite = andalusite + biotite + quartz (Guitard, 1969). The 


dAtetrihutian of andalueite in the resigqnal metamarnhic racke af the nartheactern 
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Scottish Highlands, where andalusite and sillimanite coexist over some 1000 
square miles of outcrop, has been studied by Chinner (1966a, b), the andalusite 
isograd being taken as the boundary along which andalusite developed from 
hydrous mineral assemblages (Chinner, 1966b). 


In ratragroaceive recsinnal matamarnhic af eardieri aneiccac a 
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Ontario, Lal (1969) has described the breakdown of cordierite to a kyanite-an- 
dalusite-chlorite assemblage; in gneisses containing sillimanite and cordierite, 
the breakdown of cordierite in this way results in the association of the three 
aluminosilicates (kyanite, andalusite, sillimanite) in the same rock. 


RA ‘ dal te sti ‘ in 
Manganian andalusite (viridine) occurs typically in low-grade regiona 


metamorphosed manganese-rich pelitic rocks where it may be associated with 
piemontite (e.g. Table 69, anal. 3), spessartine, chlorite, or hematite. One of the 
better described occurrences is that near Salm-Chateau in the Belgian Ardennes 
(Deschodt, 1966; Herbosch, 1967; Kramm, 1973); here the original shales appear 
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have a manganese content of up to 6°00 per cent MnO, i.e. 50 times higher than 
that of average shales. The viridine assemblage is a phengite-paragonite- 
chlorite - viridine - quartz- hematite-rutile schist of very low greenschist facies; 
locally viridine may make up 20-35 per cent of the rock. Near Darmstadt, Ger- 


sas (Tahle £0 1 ith t dath 
many, viridine {iadie OF, anal. 6) occurs with spessartine ang otner manganese- 


bearing phases in a metasedimentary hornfels; Abraham and Schreyer (1975) 
note that in layers poorer in viridine, spessartine is replaced by piemontite. Here 
also the original sediments were undoubtedly Mn-rich pelitic sediments similar to 
the Salm-Chateau coticules. 

The Mn?* -rich phase of Table 69, anal. 6, 
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MnO; 14:98 per cent has been described from manganiferous schist in Japan 
(Grapes, 1978). From a study of natural viridines in kyanite- hematite quartzites, 
Heinrich and Corey (1959) suggested that Mn** solid solution would extend the 
stability field of andalusite; this was confirmed by the experimental work of Abs- 
Wurmbhach and Langer (1975) who synthesized viridines at up to 18 kbar within 
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the stability fields of kyanite and sillimanite. 

In the Uitevis district of northern Sweden, greenish yeiiow viridine (Fe.0; 
3°23, MnO; 1°51 %) occurs in a K-rich microcline-bearing leptite and has been 
attributed to a ‘dealkalization’ process of microcline (Kramm, 1979) also involv- 


ing hematite (piemontite occurs as tiny aggregates intercalated in mica). In this 
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occurrence the temperature of formation of the viridine was estimated to be 
about 600°C, with decomposition of the viridine-quartz assemblage to 
muscovite -sillimanite at 650-500 °C at 6-2°5 kbar. The persistence of viridine 


into the sedimentary cycle is demonstrated by the material similar to that of Table 


£0 anal 1, being found in small amounts in modern beach sands (Larrett. 1970) 
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on the coast south of the Mount Ragged locality, Western Australia. It has also 
been reported from Pieistocene sands in the Netheriands (Crommelin and Van 
der Plas, 1961). 

Andalusite occurs occasionally in granites, probably having been formed as a 


recult af cantamination.§ although the occurrence of nseudamornhe of andalucite 
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in quartz veins in pegmatities has been taken to suggest a pegmatitic or hydrother- 
mal origin for this mineral (Grosemans, 1948). Rose (1957) has recorded striated 
brown prismatic crystals of andalusite up to 10 cm in length, with corundum, in 
pegmatites in Yosemite National Park, where they were considered to have 


. . 
reciulted from the reactinn of maamatic material with the neltic harnfelc af the 
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wall rocks: see also Webb (1943). Accessory andalusite in some late-stage granite 
differentiates in Nova Scotia is petrographically distinct from the andalusite of 
the associated thermal aureole; Clarke et al. (1976) concluded that such magmatic 
andalusite must be confined mainly to water-saturated peraluminous, epizonal 


cranites and considered some possible P- T paths for its crystallization. 
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Andalusite has been reported from granite pegmatites occurring as concordant 
and discordant bodies in sillimanite- garnet - biotite gneiss of the Kola Peninsula 
(Voloshin and Davidenko, 1971); this andalusite forms prismatic crystals up to 
3 cm in lengths and is pink to orange with a 1°631, y 1°644, 2V, 80-85 ° with Fe 


(total) 1:0 per cent From the exnerimental work on the AI.SIO. cvstem (e .Z. 
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Richardson } et al., 1969), it is clear that such bodies as the Dartmoor granite of 
southwest England, with its abundant partly digested andalusite-bearing 
xenoliths (Brammall and Harwood, 1932) must have been intruded with a high 
P,,. and at a total pressure of less than about 5 kbar. The occurrence of an- 


dalusite in peematites as a late-stage renlacement mineral has been documented 
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from East Sayan (Khvostova and Feodot’ev, 1961), where the removal of alkalis 
and SiO, during pneumatolysis led to the development of crystals of pink an- 
dalusite up to 5 mm in size in a pegmatite quartz - andalusite- muscovite vein cut- 
ting quartz-— biotite schists; later addition of alkalis has led to the partial conver- 


cinn of the coarce andaliucite to fine-crained miuccovite Similarly the renlacement 
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of petalite by andalusite and quartz in petalite- microcline pegmatites has been 
attributed to the reaction 2LiAISi,01;9 > LizO + Ai,SiO; + 7SiO2 (Rossovskii 
and Klochkova, 1965), the volatile Li escaping. An andalusite- topaz greisen was 
described from Puerto Rico by Hildebrand (1961) who considered it to be a 


hydrothermal product. The occurrence of andalusite } in the marginal nart of an 
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Inverness- shire. granite (corundum-normative) has been considered due to the for- 
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mation of the granite at relatively low pressure which prevented the growth of 
muscovite (Hasiam, i971). 
Although not as common as the kyanite-quartz association, andalusite- 


quartz assemblages are also known. One of the more fully documented is that of 


the andaliucsite mine at White Mountain Monn County. California. descrihed hy 
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Kerr (1932). Here andalusite is the only Al,SiOs; phase present; it occurs as a layer 
surrounded by a sericite- tourmaline schist and is interpreted as a metamorphos- 
ed sedimentary bed. The andalusite is associated not only with quartz but also 
with lazulite, rutile, corundum, muscovite, pyrophyllite, diaspore, and alunite. A 
further description of this ‘dyke-like’ body has been given by Gross and Parwel 
(1968) who note that rutile is ubiquitous. At Oreana, Nevada, andalusite, largely 
altered to dumortierite, occurs in two parallel zones in quartz-—sericite schists 
(Kerr and Jenney, 1935). These and other occurrences worldwide were reviewed 
by Geijer (1964), including the andalusite-sericite rock of Boliden, Sweden (Od- 


man 19041) and the andalnuecite— corundum — nvronhvllite—cvanherogite—riutile 
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deposit of Chizeuil, France (Lacroix, 1918). For this paragenesis involving not 
oniy Ai,O; and SiO, but also Ti and P, an acidic magmatic source for the 
mineralization is generally proposed. The assemblages pyrophyllite - andalusite- 
quartz and andalusite- kaolinite have been described from the Volcanic Slate belt 


of North Carolina: Zen (1961) considered that exnerimental evidence in the 
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system Al,0;-SiO,-H,O did not support a hydrothermal replacement origin for 
these bodies, and suggested an alternative mode of origin involving the formation 
of soils on the weathered surfaces of lavas which were buried by later volcanic 
rocks, subsequently the entire sequence being affected by regional metamorphism 


to anct helaw the almandine tengrad Further annlicatinn af exnerimental recultc 
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to the pyrophyllite- andalusite assemblage has been discussed by Althaus (1966); 
in contact metamorphism, where the fiuid phase is likely to have a high acidity 
often associated with hydrothermal activity, the lower stability limit of 
pyrophyllite and andalusite will be strongly depressed. 


Andalusite occurs as clear nrismatic crystals elongated 
#,LiIUa us wiv P+ BOSLIGCALIN aye ao wAVLIBAILVU 


defined flow banding in pebbles of glass of presumed volcanic origin in glacial 
and alluvial deposits near Macusani, Peru, where it is associated with ‘#-quartz,,’ 
along the join LiAISi,0,.-SiO2, chromite and gahnite (French and Meyer, 1970); 
its chemical analysis gave SiO, 36°3, Al2O; 63:2, FeO 0°39 = 99-9. The work of 


Richardcon et al (1969) chowed that it ic nascihle to set andalusite an the Honiduc 
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if the minimum melting curve for granitic systems containing excess HO (Luth et 
al., 1964) intersects the andalusite-sillimanite equilibrium curve. French and 
Meyer suggested that the Macusani andalusite may have resulted from the 


presence of sufficient volatiles in the melt (the glass contains B,O; 0:4, F 1:4, 
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tion temperature. 
Andalusite is a fairly common detrital accessory mineral in sandstones and 
related sediments derived from the breakdown of contact metamorphic rocks or 


andalusite schists: a sand particularly rich in andalusite is recorded from the 
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Kyanite isa mineral of metamorphic rocks and typically is found in gneisses and 


ad th 
schists associated with regional metamorphism. The name kyanite (or cyanite in 


its original spelling) is derived from the Greek Kuanos, meaning a dark blue 
substance, in allusion to the common blue colour of this mineral. Disthene, a 
synonym, from the Greek dis and sthenos, two strengths, was the name given to 
the mineral by Haily in reference to the observation that some crystals developed 
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positive and others negative ciectricai Cnarges when rudoea, wiOugim it aiSO reCaus 


the unequal hardness in two different directions. 


Structure 


The cell dimensions, cell content and space group were first determined by Mark 
and Rosbaud (1926); see also Cardoso (1927). The detailed structure was derived 
by Taylor and Jackson (1928) with later revision, in the light of new data, by 
Naray-Szabo ef al. (1929). The structure was further refined by the method of 
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least-squares using three-dimensional intensity data from a single- crystal counter 
diffractometer (Burnham, 1963). The structure (Fig. 320) is based upon a slightly 
distorted cubic close-packed arrangement of oxygen atoms, as was surmised 
previously by Bragg and West (1927), in which 10 per cent of the tetrahedral in- 


terstices contain Si and 40 per cent of the octahedral interstices contain Al. As in 


andalusite and sillimanite, there are chains of aluminium-oxygen octahedra 
parallel to z and the chains are linked jateraily by the remaining Si, Ai and O 
ions, Si being coordinated by four oxygen ions, and Al by six oxygen ions (Fig. 


304, p. 721). The silicon lying between four oxygen ions thus gives a structure 
with indenendent S10; tetrahedra. These complex edge- sharing chains trend in 
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the [001] direction, leading to pronounced prismatic habits parallel to [001] and 
to the differential hardness of kyanite (Ribbe, 1976). In the y direction adjacent 
channels are separated only by oxygen atoms O, and O,, thus there is a perfect 
{100} cleavage obtained by breaking only bonds to these two oxygen atoms. 


The structural arrangement on the (100) face of kyanite is identical with that 
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on the (010) face of staurolite, hence the parallel ‘crystallization of the two 
minerals which is sometimes observed (Fig. 344, p. 840). Kyanite, with a volume 
of 15:3 A? per oxygen ion, has the closest packing of the aluminosilicates. A 
study of the unit-cell parameters of numerous kyanites both at 25 °C and at 
temperatures up to 1055 °C was made by Skinner ef a/. (1961) using quartz- 
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calibrated X-ray precession data. Refinement of the parameters for a single- 
crystal of kyanite (Table 70, anal. 1) from Burnsville, North Caroline, by Burn- 
ham (1962) using seven systematic correction terms gave a 7:119 2 + 0°000 5, b 


7°847 3 + 0-000 4, c 5572 4+0°0006 A, a 89°977 + 0-005, B 101-121 + 0-005, y 
106:006 + 0:003 °, g giving a cell volume of 293-16 A}. The fine structure of the 
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aluminium Kk, -band | structure in kyanite and the energy differences between the 


Aland O atoms in the three Al,SiO; polymorphs have been determined by Siivola 
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Fig. 320. Projection paraiiei to c of the refined structure of kyanite showing cation- anion bonds. 
Numbers shown correspond with the z coordinate for each atom (after Burnham, 1963). 
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(1971). Although kyanite is triclinic, Mlinac and White (1978) have shown that its 
Raman spectra are strongly polarized; there is a characteristic group of high- 
frequency bands due to Si-O stretching motions which are shifted to higher fre- 
quencies due to the sharing of SiO, oxygens with Al polyhedra. The characteristic 
Al-—O stretching modes shift from 600-650 cm”! for All! to 709 cm™! for All4!. 


Al-O stretching modes shift from 600-650 cm™' for Al! to 709 cm™ for Al! 
The Si- O bands in kyanite occur near 950 cm™'. 

Refinement of the crystal structure of kyanite at 400 and 600°C by Winter and 
Ghose (1979) showed that the unit-cell dimensions vary linearly with temperature 
(Fig. 321 a, b). The orientation of the maximum thermal expansion direction is 
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kyanite (compared with those in sillimanite and andalusite). 

A study of synthetic iron- and vanadium-bearing kyanites has shown that the 
cell parameters a, b and c increase with increasing Fe** or V** proportionally to 
the ionic radii of these ions (Langer and Frentrup, 1973); the angles a, # and yr 
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kyanites (Abs-Wurmbach and Langer, 1975), Fig. 322. 


Chemistry 


Like the other aluminosilicates, kyanite is found to be relatively pure Al.SiO; 
with apparently only a very limited amount of ferric iron being able to enter the 
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Fig. 321. (a) Unit-cell dimensions and volumes and (b) unit-cell angles of kyanite as a function of 
temperature (after Winter and Ghose, 1979). 
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structure (for analyses see Table 70); though kyanite can apparently accom- 
modate Fe** more readily than can sillimanite, Fe contents are generally higher in 
kyanites whose paragenesis suggests higher P,, of formation, e.g. kyanite from a 
hematite-bearing schist has 1°6 per cent Fe (Chinner, et a/., 1969). Chinner ef al. 


were also able to demonstrate that in one area (Glen Clova), the Fe content of 
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kyanite increases steadily with increasing Fe°*/ Fe?* ratio in the host rock. The 
small amounts of titania reported may be due in many cases to small inclusions of 
rutile, which frequently occur in kyanite. A green chrome-kyanite with 1°81 per 
cent Cr,O3 was reported by Ozerov and Bykhover (1936). Sobolev ef a/. (1966), 


however, have reported a suite of chromium- bearing minerals from grospydites 


Sssseewe ee LEL7ESE wea ee 


and have shown that coexisting with pyrope garnets containing 1°5 per cent ‘Cr 203 
and diopside with 0°92 per cent Cr.03, kyanite occurs with 12°86 per cent Cr,0; 
or 18 per cent of the chrome-kyanite molecule. Although kyanite containing 
alkalis has been recorded, Henriques (1957), by spectrochemical determination of 
sodium and potassium on a number of kyanites from Sweden (Table 70, anal. 8) 


and from Tessin and St Gotthard, Switzerland, has shown that j in pure material 
the alkali content never exceeds 0°06 per cent. 

Although kyanite is essentially an anhydrous mineral, Wilkins and Sabine 
(1973) have demonstrated the presence of OH bands in the spectra of single- 
crystals, ranging from 0-009 to 0°062 per cent H,O for 19 kyanites. In view of the 


range of specimens examined it would appear, however, that the reports in other 
analyses of water appreciably in excess of these values may indicate the presence 
of a micaceous impurity or alteration product; the presence of minor amounts of 
OH in clear kyanite has also been shown from infrared studies by Beran (1970). 


Reports of kyanite with minor amounts of F include that of anal. 10. 
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Trace elements i in kyanite have been determined by Pearson and Shaw (1960) 
and by Albee and Chodos (1969) who showed that in pure samples virtually only 
iron occurred in the structure; the other trace elements recorded by Pearson and 
Shaw are almost certainly associated with the impurities listed as being present. 


Electron probe measurements by Chinner ef al (1969) showed that the only 


elements occurring in amounts greater than 0°01 per cent are Ti, V, Cr and Fe 
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Table 70. Kyanite Analyses 









































1 2 3 4 5 6 1 

SiO, 36-90 36°85 36°6 37-03 36°76 =. 367 37°77 
Al.0; 63-20 62:26 = 62°1 62°21 62:74 62-0 61:70 
TiO, 0-00 0-04 0°13 0-43 0-01 — tr. 
Fe,0; 0°10 0-21 — 0°30 0°32 0-40 0:50 
FeO 0-00 0-03 0°30 — 0-01 _ — 
MnO 0-00 _ <0:01 — 0-00 — —_ 
MgO 0-00 0-03 0-04 - 0-04 0-02 — 
CaO 0-05 0-08 0-01 0-08 0-00 - _ 
Na,O 0-00 0-07 0-03 — 0-00 - 43 
K,0 0-00 Ol  <O0! - 0-12 - 0-18 
F — 0-01 — — — — — 
H,0* — 0-41 — 0-03 0-14 _ — 
H,0- — 0-05 — 0°21 0-01 — _ 
Total 100-25 100°15 99-2 100:29 100°15 99°12 100°58 
@ — 1-710 — 1-713 1-712 1-713 1-711 
B —_ ~ — 1-722 1-722 1-721 1-719 
y — 1:725 - 1-728 1:727 1-729 1-724 
é ~ 0-015 — 0-015 0-015 0-016 0-013 
2v, _ ~ — 82°15’ - 80° 78° 
D _ 3-69 - 3°653 — — — 

Numbers of ions on the basis of 20 (O) 
Si 3-973 3-997 3:987 4-000 3-972 4-000 4-067 
Al_ 8-023] 7:961] 7-976] 7-922] 7-996] 7:966| 7-832 | 
Fe>* 0-008 0-017 _ 0-025 0-026 0-033 0-006 
Mg — 0-005 0-006 - 0-006 0-003 — 
re Hea Ooosr8" 3 O02 8 9300 032 } 99 Oot feos — F800 Hr 97 
Na — 0-014 0-006 — — _ 
Ca 0-006 0-009 0-001 0-008] — | _ | 0- -060| 
K — J 0-015) — J — J 0-017) — J 0-040] 
“Includes Cr 0-002. 


_— 


Kyanite, Celo mines, Burnsville, North Carolina (Todd, 1970). Cell parameters a 7°1192, b 7°8473, c 
5-5724A, @ 89°977° B 101°121°, y 106°006° (Burnham, 1962). 

Blue-grey kyanite, Clarkesville, Georgia, USA (Pearson and Shaw, 1960). Anal. E. H. Oslund. 

Pale blue kyanite, inclusion in diamond (Prinz et a/., 1975). Microprobe anal., includes Cr2O3 0-02 per 
cent. 

Colourless to faint bluish kyanite, muscovite- garnet schist, Selecka Mts, southern Serbia (Bari¢, 1936). 
Kyanite, kyanite-andalusite-sillimanite schist, Goat Mountain, Boehls Butte quadrangle, Idaho (Hietanen, 


1956). Anal. L. N. Tarrant. 

Light blue kyanite, Yancy County, North Carolina (Holdaway, 1971). Cell parameters: @ 7:121, D 7°85], c 
5-588A, a 90°13, B 101°10, y 105-99°. 

Pale to moderate blue kyanite, in veins with quartz, cutting chlorite isograd schists, Casa de Pedra, 
Quadriiatero Ferrifero, Minas Gerais, Brazil (Herz and Dutra, 1964). Anal. F. Peixoto. 











8 9 
37°46 36°64 
61°52 61°65 
0-03 — 
0-71 0:76 
0-006 — 
0.03 — 
0-02 — 
0:03 0:09 
0-01 O11 
7 0-73 
700s 0-05 
99°87 100-03 
1-713 1-715 
1-720 1-721 
1-728 1:729 
0015 0-014 
83° 82° 
3-63 3-67 
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8 Light blue kyanite, kyanite quartzite, Hallsjéberget, Varmland, Sweden (Henriques, 1957). Anal. A. 
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9 Light bluish grey kyanite, pegmatite, Gothenburg, Sweden (Bergstrom, 1960). 
10 Fluorine-kyanite, eclogite, Caucasus (Anisimova ef ai/., 1975). Total includes less O = F 0-06. 
11 Bladed blue kyanite, quartz- mica schist, Ferenczfalva, southern Carpathians, Roumania (Vendl, 1923). 
12 Kyanite, kyanite- muscovite- hematite gneiss, Glen Clova, Angus, Scotland (Chinner, 1961). (Inclusions of 
hematite removed by grinding to a fine powder and boiling in HCI.) 
13 Pseudomorph of kyanite after andalusite, pelitic schist, Vrungwe district, Rhodesia (Workman and 


Cowperthwaite, 1963). 
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with only Fe normally exceeding 0:2 per cent. The only exception noted here was 
the occurrence of appreciable Cr in kyanite from kyanite ecliogites (see above) 
though 0-9 per cent Cr.O; has been reported in kyanite from unusual corun- 
dum-fuchsite rocks in the Transvaal (Schreyer ef al/., 1981). With special 


reference to kyanites from Ravarian eclogites and ‘eclogite- amphibolite’ , Mat- 


aWwEWh WEA CY CARAALY SG REWER SPAY GAME VE LVBALWO Hse WE BLU CALE ees avaqaau 


thes, et al. (1970) determined Cr2,03, V20;5, Fe203, TiO. and MnO_ in 30 
specimens: Cr2O; ranges 0:0i -0°44 per cent, at above 0°12 per cent Cr2O; the Cr 
varies inversely with Fe; V.O; ranges 0:01-0:07 per cent; TiO, 0°01-0°20 per 
cent; MnO < 0:01 per cent. The variation of colour in kyanites has been cor- 


related with their trace-element composition by Rost and Simon (1972) who 


wAAWAAL spvosvsvas WJeeeANv ER LR ay OV 


showed that for several Norwegian and Swiss kyanites the greenish blue colour 
could be related to chromium whereas the ultramarine blue is related to the 
presence of titanium (see also Matthes ef a/., 1970). 


Experimental Work 


Kyanite can be synthesized readily in a wide variety of systems containing 
alumina and silica from 600 to 900°C and 10-40 kbar. 
Experimental work on the system MgO-AI,03-SiO,-H,O showed that at 


800°C and 11 kbar cordierite breaks down to tale + kvyanite + quartz (Schreyer, 


RR INH VW swe ee VEWANIND WOU Weak th CGD J Aas Fe Le ye 


1968). The breakdown of cordierite to an amphibole- Kyanite- quartz assemblage 
has been reported (Green and Vernon, 1974) at around 750 ~ 850°C and 8-11°3 
kbar; the reaction is limited at low T by the appearance of talc and at high T by 
the appearance of orthopyroxene. The maximum pressure stability of the am- 


nhihole + kyanite + quartz accemblage ic estimated at ahout I0 khar. Fynerimen- 
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tal work in ‘the system CaO- Al,0;-Si02,-H20 has shown that the assemblage 
zoisite + kyanite (+ H2O) is an indicator of both pressure (P,, , > approximately 9 
kbar) and temperature (7 > approximately 640-650°C at Water pressures up to 


15 kbar): in lower P - T conditions margarite + quartz react to give either anor- 


thite + kyanite or at higher temperatures zoisite + kyanite (Storre and Nitcch 
w ' sapsiwe twa slpw Nitsen, 


1974); see also Chatterjee (1976) and Fig. 325, p. 794, In the anhydrous system 
CaO -MgO- Ai,0;-SiO, kyanite occurs at 1200°C by the reactions anorthite + 
pyrope-grossular + quartz = diopside + kyanite at 19°5 kbar and anorthite + 


diopside = grossular-pyrope + kyanite + quartz at 26°4 kbar (Hensen, 1976). 
Thermachemical data were aiven hy Todd (1050) and the firct reliahle deter_ 


A LISP ALAWULIN GALINA WEL TFL &irwas vy avuu ya FIV J CAREW CAEW LELOUL PWAEWY UDEV 
mination of the high temperature heat capacity of kyanite was made by Pankratz 
and Kelley (1964), leading to the estimation of its entropy; the entropies of transi- 
tion to andalusite or sillimanite were calculated by Fyfe (1967). The free energy of 


formation of kyanite from the elements was calculated as - 582737 cal/g.f.w. 


(Waldharnm 1044\ and new data an the enthalnyu af kuvanite ac determined hu 
(waiG0aulll, 1705) alG TOW Gata Ol ule Coiumaipy Ol nya’ ao GOutimimca Uy 


oxide melt solution calorimetry at 695°C were reported by Holm and Kleppa 
(1966) who give the heat of formation of kyanite from Al,O; and SiO; as - 2°37 
kcal/mol; see also the review of thermodynamic data by Helgeson ef a/. (1978). 
The molar volume, based on cell parameters for five kyanites from different 


localities, WaS CaiCuratea oy Skinner Qt Gi. (avis aS S4°119 E Vue. CM /MO1. 


DTA curves for kyanite have been given by Houldsworth and Cobb (1923) and 
Mchedlov-Petrosyan (1954); Todor (1972) reported an exothermic peak at 
1360°C. 

Iron- and vanadium- bearing kyanites have been synthesized at 900 and 1100 °C 


at 90 Lha nraccur nd Er entrup 10972\ In the neandnhinary cucta 
al 4vVU Koar pressure (Langer ana a rendu Up, AFET)» in tii pseuagooinary system 


Al,SiO;- Fe,SiOs, solid solution extends to 65 mol. per cent Fe,SiO; at 900°C; 
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the synthetic iron kyanites are light yellowish green. In the system 
Al,SiO;- V2SiOs, the solid solution of V2SiO; extends to 14 mol. per cent at 
900 °C; the crystals are light green. Similar synthesis of Cr?*- substituted kyanites 


gives bluish green crystals (Langer, 1976). The solubility of Cr,SiO; in kyanite ex- 
tends to 24 mol. per cent Cr2SiO; at 20 kbar and 31 mol. per cent at 30 kbar, in 


ewes ey BAbW he we Weass Nee Zane § MF NR Ge REN POR Weeks He VY RUG, 


the range 1000-1600°C (Seifert and Langer, 1970). The synthesis of 
Mn?*-substituted kyanite (pleochroic: emeraid-green to yellow) with up to 6 per 
cent Mn,SiO; has been reported at 1000°C and 20 kbar (Abs-Wurmbach and 


Langer, 1975). In all these experimental systems, any great excess of the R2O; ion 
leads to a corundum- type nhase rather than to an increased amount of the 


PEAGGwue 2Heasws 


R3*SiO; phase. Experimental work at high pressures and 1200 °C using initial 
mixes of composition (mol. proportions) two anorthite : two enstatite : diopside 
gave minor kyanite only in the range 22:5 - 36 kbar (Green, 1969); on the addition 
of Na.2O in the form of the jadeite molecule the stability fields of clinopyroxene 


and kvanite increase and it is thus possible that for a certain P- T range Na-rich 


and kyanite increase and it is thus possible that for a certai: rang 
clinopyroxene and kyanite may be stable, rather than a garnet-bearing 
assemblage. 

The reaction 


NaAl;Si3;0190(OH)2 = NaAlSizOc¢ + Al,SiO; + H20 


paragonite jadeite kyanite 


has been bracketed at 550, 600, 650 and 700 °C at 24-26, 24-25°5, 24-25 and 
23-24°5 kbar respectively (Holland, 1979). This reaction has a shallow negative 


slope (-10 bar/°C) and is of geobarometric significance to the stability of the 
eclogite assemblage omphacite-kyanite. 


The AI,SiO; phase diagram. The aluminium silicates are extremely refractory; 
they are difficult to nucleate and, once formed, a polymorph will persist 
metastably for long periods within the stability field of another. The general form 


af the nhace diaaram wac probably first enogectad hy Mivashiro ( 1QAQ\- 1 2 that 
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andalusite is stable at low temperatures and pressures, kyanite is stable at high 
pressures and low temperatures and sillimanite is the high temperature, moderate 
pressure polymorph. Since 1955 numerous attempts have been made to establish 
the exact relationships of these three phases, leading in 1969 to some slight degree 
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Zen (1969), including a diagram with 15 different sets of experimental data for 
the location of the triple point. 

Considerable accuracy can probably be claimed for the kyanite- sillimanite 
boundary and also for the kyanite- andalusite boundary; thus most of the uncer- 


taintu aricac fram the andalncta_ alhimanitea tranctinn which ic eavnearimantally 
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sluggish, and for which the free energy difference of the phases is the smallest. 
The univariant kyanite-sillimanite equilibrium curve between 700 and 1500°C 
was determined by Richardson ef a/. (1968), hydrothermally to 10 kbar and using 
a piston-cylinder apparatus to 28 kbar; see also the results of similar investiga- 


tiane hu Althane (1Q0L9\ and Dugin and Vhitarnay (1042\ The hact actimatac far 
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this curve were further reviewed by Althaus (1969), Richardson ef¢ a/. (1969) and 
Newton (1969) who showed that prolonged severe grinding gives degradation of 
kyanite and may explain discrepancies between results; the equation considered 
by Richardson et a/. (1968) to best express the univariant equilibrium boundary is 


D (kbar) = 0°'024 3 TIO’ — Q-&2 hast ale Una Idaway (1071)\ The thar_ 
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mochemistry of the kyanite-sillimanite equilibrium has been discussed in detail 
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by Anderson and Kleppa (1969), who determined the enthalpies of solution of 
both phases calorimetrically at 701°C, leading to calculations of the enthalpy of 
transformation of kyanite-sillimanite and hence to the P - 7 equilibrium curve 
for pressures below 12 kbar. Previously Weill (1966) had calculated this curve 
from solubility data in a cryolite melt for these two phases. Within the indicated 
errors the calculated curves are consistent with the experimental results of 
Richardson ef al. (1968). 

The kyanite-andalusite transition was reversed by Newton (1966) in a solid 
medium (piston-cylinder) pressure apparatus. Further detailed work by Richard- 
son ef ai. (1969) obtained reversals of f kyanite-andalusite metastable equilibri ium 
within the sillimanite stability field using a hydrostatic-medium pressure ap- 
paratus, only accepting reactions that showed about 20 per cent conversion as 
diagnostic; the best univariant equilibrium boundary equation obtained was P 
(kbar) = 0°010 7 7(°C)-1°173. A later investigation of the kyanite- andalusite 


trancitinan ueing the cryuctal arnwth moethad and casding evnerimentec nlAaway 
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1971) gave results consistent with these data. The solubilities of realistic grain sizes 
of crystalline andalusite and kyanite were measured in water between 400 and 
550°C, at pressures of 1~3 kbar by Brown and Fyfe (1971); resulting data in- 
dicate that these two phases are in equilibrium at 398°C for 1 kbar, 472°C for 2 
kbar, and 534°C for 3 kbar. The andalusite-sillimanite equilibrium curve is 
discussed under andalusite (p. 767). 

The early experimental results on the Al,SiO; phase diagram suggested a triple 
point for andalusite-kyanite-sillimanite near 8 kbar and 300-400°C (Bell, 
1963), but later work has resulted in a large spread for the location of the three 


hanndary curvec nad hance far the trinle nnint thauah an the whale the nncitinn 
uvullualy vLul Ves ana PAWLING PUL LEIS ULES PAULI (ougn Wil LAI WLU me posiuon 


of the latter has been moved to somewhat lower pressures. The problem has been 
reviewed by various authors, notably Richardson et al. (1969), Zen (1969) and 
Holdaway (1971), and at present the triple point can be considered to be within a 
band of experimental uncertainty extending from around 5°5 kbar and 620°C 
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Brown and Fyfe (1971), the undoubted metastable persistence of Al,SiO; phases 
removes considerable emphasis from the value of the triple point. 

Some of the problems of the Al2SiO; polymorphs and their significance in 
metamorphic petrology were reviewed by Chinner (1966b). An attempt by Fyfe 
(1967) to evaluate the significance of various determinations and the resulting en- 
tropies of transition gave a phase diagram with a triple point for mean entropies 
of transition at around 2°] kbar and 450°C. A thermodynamically based phase 
diagram was also calculated by Karpov (1967) and a schematic free energy - com- 
position diagram was given by Jantzen and Herman (1979). An interesting experi- 


moant in which a noawdered Lvanite nhullite wac racructallized and: which buanite 
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crystals with their (100) planes at right angles to the direction of exerted pressure 
grew at room temperatures at pressures as low as 1°2 kbar was reported (Kroner, 
1971), though it was suggested that graphite may have acted as a catalyst or that 
minor elements substituting for Al may have contributed to the growth of the 


Lean 


kyanite. 
From crystallographic considerations it can be predicted that the (100) plane in 
kyanite should be an easy slip plane since it involves no breaking of Si-O bonds 
(Fig. 320); (100) is also a perfect cleavage plane. Raleigh (1965) deformed kyanite 
by 5-10 per cent at 700 - 850 °C and 5-7 kbar confining pressure and observed 
mundaries an 
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proximately normal to slip lines with an external rotation about [010]. He con- 
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Fig. 323. Experimental results for runs in which reaction could be detected (Richardson et a/., 1969). 
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cluded that the slip direction was [001]; this is parallel to close-packed rows of 
oxygen atoms and is the shortest Burgers vector (c = 5°57 A) (Nicolas and Poirier, 


1976) 
J 
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Boland et al. (1977) have shown that deformation twinning, kinking and 
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dislocation glide leading to slip polygonization are the dominant mechanisms in 
nature and under experimental conditions. Two types of anti-phase domain 
boundaries occur: one on (220) with a fault vector R = “[111], related to the 
stacking of the close-packed planes in the distorted face-centred cubic oxygen lat- 


tice, and the other on (100) in association with the super-dislocations of Burgers 


vector b = [001] with R = 2[001]. Experimental deformation of single-crystals of 
kyanite from Kenya shows that there is slip anisotropy in the system (100)[001]. 
Conjugate kink bands are produced during the early stages; one type then 
deforms by slip polygonization on the system (100)(001] in one sense, while the 


other type deforms in the opposite s sense on the same slip system b by dislocation 


glide, microkinking and deformation twinning with (100) as the twin plane. The 
twinning vectors are '2[011] and 2[00i]. Over the range 20 - 600°C, Menard er 
al. (1979) found, however, that the stress-strain curve for kyanite had a surpris- 


ingly low elastic limit (< 80 bar); the dislocation density was low (2 10’/cm?) and 


no twinning was observed. and they concluded that the study of dislocation struc- 
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tures in natural kyanite cannot give reliable information on geological deforma- 
tions. 


Alteration 
Products include muscovite and 
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ev 
associated with the breakdown of kyanite (Alderman, 1942). Where m more than 
one Ai2,SiO; polymorph is present, it has been considered (Kwak, 1971) that 
kyanite is the most stable and the last to be altered to white mica, though Chinner 
(1973) has argued that in many cases preferential attack may be related not simply 
to the relative stability of the polymorphs but mav reflect the recrvstallization 
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history, i.e. it is related to certain types of P-T-time path in different 
metamorphic episodes. Pyrophyilite is also commonly associated with kyanite 
decomposition, often occurring in the compact massive variety agalmatolite. It 
also may convert to sillimanite or andalusite by a change in the pressure - 


temperature conditions: the kyanite of regional metamorphism, for instance, is 


converted to andalusite within ‘the thermal aureole of a later granite (MacKenzie, 
1949). Hietanen records the inversion of kyanite to sillimanite during complex 
thermal and regional metamorphism involving, for this inversion, a rise in 


temperature (Hietanen, 1956); see also Hollister (1969) and Loomis (1972a). 
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Variety da amo urite 


i veiral Pronartiac 
Optical and Physical ' IPI bie 
The relief is distinctly high for a mineral which is normally colourless in thin sec- 


Qa 
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tion, while the birefringence is moderate giving rise to higher first-order colours 
for sections of normal thickness. The optic axial plane is almost perpendicular to 
{100}, and inclined at approximately 30° to {010} or the z axis, and the extinction 
angle on to the z axis thus varies from around 30° to zero: in basal sections it is 
almost zero. The extinction position nearest the z axis corresponds with the slow 
ray. Twinning may be simple or lamellar, multiple twinning on (100) with twin 
axis 1(100) being the commonest twin law: Bari¢ (1936) listed additional twin 
axes as [010], L[010] in (100), and 1(121). The colour is variable but is typically 
white to blue: the blue varieties may show pleochroism, a almost colourless, p 
clear hlia v deen hhia Tha colnanr ic aften nnave rdtietrihiitead and hhie cructale 
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are seldom transparent. Although the blue colour has been attributed to traces of 


Kyanite 791 


* (White and White, 1967), a detailed examination of the polarized absorption 
spectra of one specimen of green and two of blue kyanite for which chemical data 
were available led Faye and Nickel (1969) to conclude that the blue colour and 
visible pleochroism were due to the Fe?* ~ Fe** charge-transfer process, as was 


suggested by Robbins and Strens (1968). The direction of maximum intensity of 
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the resultant pleochroic absorption band at 16 500- 17000 cm™' correlates directly 
with the principai optical direction (y) of kyanite. The green colour of some 
kyanites is due to absorption bands at around 22000 and 27 000 cm™' which have 
been assigned to the low-intensity spin-forbidden transition of six-coordinated 


Fe**; the presence of Cr>* does not appear to be critical. The pleochroism in 
kyanite has been explained also (Beran, 1971) by assuming two 
crystaliographicaliy different kinds of OH group as revealed by infrared spec- 
troscopy. The infrared spectrum of kyanite has been given by Hunt et a/. (1973). 


The thermal expansion of kyanite was measured by Skinner ef a/. (1961) over the 
range 25- 1050°C; at above 300- ANON °C the coefficient of volume therma ale expan- 


range 2 above 300- 400°C the coefficient of volume therm 
sion remains fairly constant at around 2°9 x 107°/°C. 

The hardness of kyanite varies from face to face and according to 
crystallographic direction: Buttgenbach (1923) measured the hardness on a large 
green crystal with blue bands and showed that on (100), parallel to the z axis, H = 


5Y, perpendicular to the z axis = 6A; on (O10), narallel to z. H = 6. nernen- 
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dicular to z, H = 7; on (001), parallel toy, H = 5%, parallel to x, H = 6%. 
more recent determination by Winchell (1945) using a Knoop * scrohardnese 
tester gave values for kyanite varying from 205 to 1700 (compared with 560 for 


orthoclase and | 250 for topaz). A common occurrence of kyanite is in parallel in- 


terorowth with ctanrolite ac noted ahove the (100) face of kvanite heing narallel 
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to (010) of staurolite. The aluminosilicate minerals are of commercial use, their 
calcined forms being used in refractory products: kyanite is the most important 
of these minerals in this respect as it sometimes occurs in relatively large easily 
workable deposits. 
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ingence is less than that of sillimanite but greater r than that of andalusite, while 
it also differs from the latter in being length-slow. The maximum extinction angle 
of around 30° is also distinctive and is obtained on sections giving a negative 


biaxial figure with a large 2V. Rhodonite is optically positive, while pyroxmangite 
and bustamite although triclinic and negative have a smaller 2V. In detrital grains 
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kyanite may often be recognized by its step-like features caused by the good 
cleavage, and by its extinction angle. 


Paragenesis 


Kyanite occurs typically as a mineral of regional metamorphism of pelitic and 
more rarely psammitic rocks. It has been used as a zonal mineral by Barrow 


(1919) and later workere kvanite develnning after ctaurolite and hefare 
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sillimanite with increasing grade of metamorphism. It has been recorded also, 
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however, from the almandine zone of metamorphosed argillaceous rocks as in the 
Saxa Vord Group of Unst (Read, 1934), where possibly it has been derived from 


pyrophyllite, and in the staurolite zone where its appearance may be represented 
by the equation: 


3 staurolite + 2 quartz = almandine + 5 kyanite + 3 water 


Around the Hackett River gneiss dome of northern Canada the prograde se- 
quence in pelitic rocks is staurolite-cordierite followed by sillimanite, but in 
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quartzofeldspathic gneisses closer to the dome than the sillimanite isograd, kyanite 
occurs as corroded relics, cross-cut by sillimanite. Percival (1979) considered that 
this paragenesis indicates that whereas high heat flow produced the low-pressure 
assemblages in the pelitic rocks, the kyanite was formed in higher pressure 
assemblages produced in a region of suppressed isotherms around the intruding 
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relatively cool trondhjemitic body (followed by lower pressure conditions during 
continuing metamorphism and uplift). Francis (1956) showed that staurolite (+ 
kyanite) pelites occur in the epidote-amphibolite facies, while staurolite-free 
kyanite pelites are found in the amphibolite facies. Kyanite may arise also from 


the dehydration of paragonite with the addition of quartz; the reaction 


paragonite = jadeite + kyanite + H,O has been studied by Holland (1979), see 


~ OF 


p. 787. 

In the Dalradian Highlands of Scotland, Chinner (1966a) distinguished a 
kyanite isograd, along which kyanite developed by dehydration and virtually 
isothermally from hydrous mineral assemblages, from an andalusite-kyanite 
isograd representing the polymorphic inversion of kyanite to andalusite with a 
P/T slope of around 12°8 bar/°C. In this area, the minimum pressure feasible for 
the andalusite-kyanite isograd would require a considerably greater depth of 
cover than is indicated by stratigraphical estimates and the concept of tectonic 
overpressure, as suggested for other situations (Rutland, 1965), may be invoked; 
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the associated igneous intrusions show some high- “pressure features and it seems 
likely that in this area the regional metamor phism iS unlikely to have occurred at 
pressures greatly in excess of the load pressure. Later work has shown that in the 
Dalradian pelitic rocks, kyanite is confined to areas with MgO/(FeO + MgO) 


values > 0°540 or where the ‘available’ or matrix composition had an equivalent 


value due to the removal of FeO from the reacting system (Atherton and Brother- 
ton, 1972); this occurs particularly in rocks with large amounts of refractory 
garnet. The general distribution of kyanite in the Dalradian Highlands has been 
discussed also by Ashworth (1975). 


Kyanite may arise from the inversion of andalusite 
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a 
metamorphism is superimposed on a normal thermal metamorphism (Tilley, 
1935; Harker, 1954). Stress or rising pressure during a fall in temperature may 
bring about the inversion of sillimanite to kyanite (Hietanen, 1956). In general, 
the coexistence of two or three Al,SiO; polymorphs connotes not univariant or 


divariant equilibrium, but is the product of metastable persistence of one 
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polymorph in the stability field of another (Albee and Chodos, 1969; Chinner 
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19/5). The possible stability relations among the aluminosilicates are shown in 
Fig. 324, p. 789. The coexistence of all three phases has been reported from 
metamorphosed volcanic rocks in the Savant Lake area of Ontario (Lefebvre and 
Naert, 1978); see also Grambling (1981) and Rumble (1973). 


The coexistence of kyanite and sillimanite in textural equilibrium has been 


recorded in quartzofeldspathic gneiss at Davis Creek, near Murchison, New 
Zealand, where both phases occur as prismatic crystals (Grew, 1977). 


reas where a regional 


saws a“ wr ass 


n 


Kyanite 793 


Textures resulting from the replacement of biotite by kyanite in biotite-rich 
schists of the polymetamorphic Basement complex of the Luangwa Bridge area, 
Zambia, have been described (Vrana, 1973); this mode of kyanite growth and of 


kyanite developed by recrystallization of cordierite are used as a basis for a model 
of aluminium silicate accretion involving a fluid intergranular phase in rocks 
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which have undergone polyphase metamorphism. 

Kyanite is the sole Ai,SiO; polymorph in eclogites and in eclogitic and 
granulitic inclusions in kimberlite pipes. In an examination of the mineralogy and 
chemistry of 30 occurrences of kyanite- bearing eclogite and eclogite ano onen 
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have shown ‘that the appearance of kyanite i is related to thee excess ‘of Al 103 it in 1 the 
rock: eclogites with > 15°5- 16 wt. per cent Al,O; and with normative an > 28-30 
contain kyanite. This is in general agreement with the earlier review on the 
paragenesis of kyanite eclogites by Tilley (1936). Experimental work, however, 
has shown that the mineralogy of ecologites is sensitive to the ratio 
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CaO: MgO: FeO and that the reaction pyroxene + kyanite = garnet + quartz 
proceeds to the right at high pressures in rocks rich in Mg and to the left for rocks 
rich in Ca and Fe (e.g. Green, 1967); a study of a number of natural eclogites by 
Godovikov and Kennedy (1968) confirmed that they belong to three classes, the 


kyanite-bearing type being rich in CaO and low in FeO with intermediate MgO 
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values. These eclogite kyanites are generally chromiferous (0°1-0°4% Cr20O3); a 
particularly Cr-rich kyanite containing 18 moi. per cent of the Cr2SiO; theoretical 
end-member has been described by Sobolev ef a/. (1968) from a grospydite inclu- 


sion ina Yakutian kimberlite. A rare inclusion of light to pale blue kyanite (Table 
70, anal. 3) has been recorded in a diamond (Prinz et al., 1975) along with other 


anal. 3) has been recorded in a diamond (Prinz et a/., 1975) along 
phases representing an eclogite assemblage. The occurrence of kyanite in 
Norwegian eclogites is not common though severai occurrences were noted by 
Lappin (1960) who also recorded its alteration to a corundum-oligoclase 
kelyphite or to zoisite, during a later amphibolite facies metamorphism. Blue 
crystals of kyanite are visible in some of the coarser kyanite eclogites of Brittany, 
e.g. that of Piedpan. Kyanite in eclogite nodules in kimberlite from the Roberts 
Victor mine, South Africa, have been described (Switzer and Meison, 1969) with 
margins of mullite and corundum, attributed the emplacement of the kyanite- 
bearing nodules in a rapidly ascending kimberlite magma which caused partial 
melting of the eclogite followed by quenching due to rapid cooling in rising, ex- 
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panding kimberlite | magma: the presence of diamond i in some of them implies a 
deep-seated origin for these kyanite eclogite nodules. Kyanite eclogites formed by 
the transformation of gabbros by metamorphism have been reported from Zam- 
bia (Vrana et al., 1975). 

In addition to being found in sor me eclogites, kyanite is also found in kyanite 


amphibolites fe. g. Tilley, 1937) which may represent their retrograde metamor- 
phism, though many kyanite a phitol ites have compositions indicating that they 
are derived from the metamorphism of sedimentary rocks. Although the am- 
phibole in kyanite amphibolites is generally common hornblende, the association 


kyanite-gedrite is a paragenesis increasingly recognized (Tilley, 1939; Hietanen, 
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1959: Lal, 1969); in ‘the Grenville province of Ontario, Lal concluded that the 
kyanite and gedrite occur in close association in schists and gneisses as a result of 
the breakdown of cordierite to kyanite (or andalusite) and chlorite in a 
potassium- -poor environment. In some aluminous enclaves in gedrite-cordierite 
gneiss, however, Robinson and Jaffe (1969) have reported that the kyanite occurs 


within the cordierite resulting from the metamorphism of gedrite- kyanite 
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sillimanite gneiss so that the relic kyanite is nowhere in contact with gedrite. 

The stable coexistence of talc and kyanite characterizes the so-called 
whiteschists which have been recognized from many areas: Schreyer (1977) has 
suggested, on the basis of field evidence, that the stability field of talc- kyanite 
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metamorphism is less than total pressure. This would be analogous to the 
behaviour of the high-pressure assemblage zoisite-kyanite in the system 
CaO- Al,0;-SiO0.-H.O (Storre and Nitsch, 1974); see also Fig. 325. 
Talc- garnet - kyanite- quartz schists have been described from eclogitic terrain 
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been reported by Chinner and Dixon (1973); see also p. 277. 

The occurrence of kyanite in amphibolite facies pelitic rocks was studied by 
Winchester (1974) who concluded that such rocks containing kyanite (or 
sillimanite) fall within a well-defined compositional field, while rocks plotting 
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the controlling feature was shown to be a minimum amount of Al,0; (around 
15% with zero CaO, rising to 20% with CaO 4:0%). Enstatite- 
kyanite- magnesite rocks and kyanite-enstatite lherzolites have been described 
from Zambia (Vrana et al., 1975). 
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metamorphism of somewhat aluminous arenaceous rocks, where. the kyanite is 
often accompanied by muscovite; former quartz pebbles may sometimes be 
recognizable (e.g. Schreyer and Chinner, 1966). In Precambrian kyanite quart- 
zite in banded iron ores of the Cuttack district, Orissa, aggregates of kyanite oc- 
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muscovite is considered to have formed from the kyanite by the later addition of 
alkalis. Large bodies of quartz~kyanite rock occur in several localities in the 
USA, Sweden (e.g. Table 70, anal. 8) and India and may be characterized also by 
the presence of rutile and an aluminium phosphate (lazulite, augelite, 
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Fig. 325. A P,,,,- 7 diagram showing the stability fields of the assemblages zoisite + kyanite and 
quartz + margarite at a, 4 = 1:0 (after Chatterjee, 1976). I = invariant point. 
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mal metamorphism of sedimentary or volcanic rocks. Most investigators agree 
that there is a pneumatolytic or hydrothermal aspect to these occurrences (see, for 
example, Dunn, 1929, 1937; Espenshade and Potter, 1960; Geijer, 1964). More 


recently it has been suggested that large volumes of ascending fluids rich in total 
chloride and H* , possibly from nearby degassing magmas. are needed to cause 
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replacement of muscovite by kyanite (Wise, 1975). 
Although the stability field of kyanite makes it a relatively high-pressure 
phase, it can nevertheless occur under certain conditions in aureoles of thermal 


metamorphism. Well documented examples include the presence of kyanite in the 
aureole of the Main Donegal granite (Pitcher and Read, 1960, 1963; Naggar and 
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Atherton, 1970), Bibiani in the western region of Ghana (Lobjoit, 1964) and the 
Ronda ultramafic mass, southern Spain (Loomis, 1972b). Although there has 
been an attempt to apply a model involving translation of innér aureole rocks 
from great depth to account for the presence of kyanite in some aureoles, e.g. the 
Ronda aureole (Loomis, 1972a) such a model seems both unlikely and un- 
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necessary. Recent work indicates that in the Ardara and Main Donegal aureoles, 
Ireland, the intrusions containing kyanite were emplaced in shear zones or in en- 
vironments indicating marked horizontal extension or just simple flattening 


(Atherton ef al., 1975). Alternatively, the occurrence of kyanite can be explained 
by its metastable persistence or, more rarely, by polyphase metamorphism. In the 
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aureoles of the Donegal granites, Naggar and Atherton (1970) have demonstrated 
that the occurrence of kyanite is confined to rocks with values of the molecular 
ratio MgO/(MgoO + FeO) greater than about 0°50, implying an overall chemical 
control as well as the appropriate P-T conditions. The occurrence of kyanite at 


relatively shallow denths in thermal aureoles has been nostulated by Reverdatto 
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and Slobodskoy (1969) as being due to the country rocks being subjected locally 
to intrusive pressure in excess of the lithostatic pressure. Aithough earlier 
regarded as a ‘stress’ mineral, examples of idiomorphic crystals of kyanite have 
been described (Miyashiro, 1951) lining drusy cavities in kyanite- quartz veins 
intersecting mica schists: thus although hydrostatic pressure is probably 
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necessary, shearing stress is not essential for its formation. The mineral has also 
been recorded in veins in granite, with tourmaline and mica (Grosemans, i948), 
and in granite pegmatites (Tatarinov, 1937; Labuntzov, 1939). The occurrence of 
kyanite in some ‘granites’, however, is probably a result of migmatization. 


Karnoff (1946) described kvanite in pegmatite intrusive into kvanite-— mica schist 
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the pegmatite solutions having reacted with the small kyanite crystals in the 
adjoining rock; in this instance, however, it may be more correct to describe the 
‘pegmatite’ as a quartz-kyanite segregation vein, such veins being found in most 
kyanite- bearing rocks. 

Kyanite has been recor rded i in em 


of bauxite (Onay, 1949). It is also of common occurrence as a detrital mineral in 
sedimentary rocks, sometimes being represented by a ‘shimmer aggregate’ with 
cores of kyanite surrounded by fine-grained micaceous material, but more often 
being found as rectangular, stepped cleavage fragments. It is known, for exam- 


ple, in Pleistocene and Holocene sediments of the coastal plane in Georgia, USA 


(Hails and Hoyt, 1972) and from the Mesozoic and later ‘sediments of ‘southern 
England. In samples from Palaeocene sediments in welis in the central North Sea, 
garnet, kyanite and staurolite become increasingly etched with depth, though this 
effect is diminished in oil-bearing sands and in tightly cemented sands as com- 
pared with water-saturated sands (Morton, 1979); kyanite and staurolite decrease 


in abundance with depth, until kyanite disappears. at about 2135 m (staurolite 


ery deposits resulting from the metamorphism 
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red or blue; colourless in thin section. 
Pleochroism: Coloured varieties may show pleochroism in thick sections, e.g. 
a yellow, y pink. 
Jnit cellt: a 4:65, b 8°80, c 839A. 
Z=4 Space group Pbnm. 


nenly in veins and druses in granites, in granite pegmatites, and in 
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is often associated with ‘tourmaline, cassiterite, fluorite and 
alk 


muscovite. The name is from Topazios, tne Greek name for an island in the Red 
Sea, meaning to seek (the island often being covered by mist). The ancient topaz, 
however, was probably the modern peridot or chrysolite, while the chrysolite of 
Pliny is the modern topaz (note: Skeat derives the name from Sanskrit tapas, fire). 


False topaz or topaz-quartz is aname unfortunately sometimes given to the yellow 


variety of quartz called citrine, while oriental lopaz is yellow corundum, ana 
topazolite is a name used for the yellowish green variety of andradite. 
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Structure 
The structure of topaz was first determined by Alston and West (1928) and by 


Pauling (1928), the snace groun and lattice dimensions previously having been 
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determined by Leonhardt (1924). The structure consists of tetrahedral SiO4 


~f al 


groups together with linked octahedral groups around aluminium: four of the six 


+ Morphological data refer to a cell with halved c dimension. 
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anions around each Al are oxygens belonging to the SiO, groups; the others are 
fluorine or hydroxyl ions. The relatively dense nature of the mineral is a result of 
the structure being based on a combination of cubic and hexagonal closest- 
packing of oxygen atoms. 

The structure was refined by Ribbe and Gibbs (1971) using the data of Ladell 
(1965) obtained from more than 2 200 intensities corrected to give an R factor of 
0:027 for a topaz fragment with a 4-649 9 b 8-796 8, c 83909 A (<< 5% OH 
substitution for F), space group Pbnm. It is based on monolayers of oxygen alter- 
nating with layers of compositional ratio 2(O):1(F) in the close-packed sequence 
ABAC. The key structural unit (Fig. 326) is a crankshaft chain of edge-sharing 
AlO,F, octahedra and corner-sharing SiO, tetrahedra parallel to z. This struc- 
tural arrangement explains the characteristic [001] prismatic habit and the fact 
that topaz is optically positive (y is parallel to the chain axis). The perfect {001} 
cleavage is parallel to the only planes which pass through the structure without 
breaking Si-O bonds; Al-O and AI-F bonds are broken in equal numbers. In 
topaz with OH partially substituting in the F site, the O-H bond is inclined at 37° 
to z in the (010) plane (Isetti and Penco, 1967). 

The systematic variation of the cell dimensions of topaz has been studied by 
Rosenberg (1967) and by Chaudhry and Howie (1970); there appears to be a 
linear relation between the b dimension and the OH/(OH + F) ratio but the varia- 
tions in the a and ¢ dimensions are less regular. The relationship between the b 
dimension and the weight percentage F was confirmed by Ribbe and Rosenberg 
(1971) using microprobe determinations of F for 14 natural topazes (Fig. 327a); 
alternatively Aor: = 20..c1209 — 28 ionar 02) CAN be measured, using reagent grade 
NaCl as an internal standard (Fig. 327b). Other data on the cell dimensions of 
topaz include the results of Fiedler (1961) and Bank ef al. (1971). 

Electron paramagnetic resonance studies of Fe** in colourless topaz (Dickin- 
son and Moore, 1967) have shown that Fe** substitutes for Al in nearly oc- 
tahedral sites (see also Thyer et a/., 1967). Zemann (1968) concluded from infra- 
red pleochroism of topaz that the four OH groups in the unit cell all lie practically 
parallel to (010). 
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Fig. 326. The key structural unit of topaz, showing chains of edge-sharing AlO,F, octahedra and 
downwerd-pointing corner-sharing SiO, tetrahedra cross-linked in the x direction by upward-pointing 
SiO, tetrahedra (after Ribbe and Gibbs, 1971). 
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Fig. 327. (a) Variation of the b cell parameter of topaz with fluorine content (after Ribbe and 
Rosenberg, 1971). (b) Ao21 = 26nacr 200- 28097 021 28 @ function of fluorine content (after Ribbe and 
Rosenberg, 1971) choosing unit cell with a 8-39, c 4°65 A. 


X-ray structural investigations give no indication of the polar symmetry 
sometimes ascribed to topaz from crystallographic evidence. Doubly terminated 
crystals are rare and although X-ray diffraction investigations and etch figures 
have given no evidence of polar symmetry, pyro-electric and piezo-electric effects 
have been observed with some crystals of topaz (Friedel and Curie, 1885; Adams 


and Graham, 1926; Greenwood, 1935). Akizuki et al. (1979) suggest that the 
lowering of symmetry needed to allow these effects may be similar to that which 
produces anomalous optics, and may be related to (OH,F) ordering. A neutron 
diffraction study of a single-crystal of topaz (Parise ef a/., 1980) has shown that 
the shortest distance between two H atoms is only 1°S A, too short for both posi- 
tions to be occupied; this and the presence of OH groups generates local triclinic 
symmetry. 

Morphological studies of topaz were recorded by Rosicky (1916b), Russell 
(1924) and Strunz and Wilk (1967); detailed investigations of the development of 
(120) prism faces of natural topaz have been reported by Joshi and Taku (1972). 
An X- “ray topographic study of topaz has led Giacovazzo (1973) to develop a 
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succession of thin plates cleaved parallel to the basal plane of a topaz from a 
pegmatite druse in granite enabled Isogami and Sunagawa (1975) to deduce the 
growth history of the crystal from the growth patterns and inclusions. 
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TL. composition Atanas te tan nt thn wmsnines wreintinn kainn ten 
PN COMpositloim of topaz iS fairly constan il, tne major Val iation being in the 


amount of hydroxyl ion present. Several analyses show a close approximation to 
the theoretical maximum fluorine content of 20°7 per cent (e.g. Table 71, anals. 
1, 2), but the replacement of F by OH occurs only to a limited extent. Analysis 8, 
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with 1 approximately 30 per cent of the (OH; F) gr ou taken up by OH, shows one 
of the highest OH values so far recorded. Further analyses include that reported 
by Neves (1959) from a pegmatite at Goncalo, Portugal: see also Omori ef al. 
(1963) for an XRF analysis of the pycnite variety. A small amount of iron may 


enter the structure but only minor amounts of other elements. 
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Table 71. Topaz Analyses 
1 2 3 4 5 

SiO, 31°93 31°41 32:80 31°94 32:19 
TiO, _— 0-00 0:00 0-01 0:00 
Al,O; 56°26 56°41 55:03 55-80 56°12 
Fe,O,; _— — _— 0°32 0-00 
FeO 0-00 0-01 0:07 0-00 
MgO — 0-17 0:13 0-07 0-01 
CaO — 0:03 0-11 0°13 0-00 
F 20°37 20-01 18-19 17:24 17-05 
H,0* 0-19 0°44 1 1°57 1°56 
H,0° — 0-09 0:15 0-03 0-18 

108-75 108-56 107°53 107°18 107-1] 
O=F 8°58 8°44 7 7:27 7-20 
Total 100°17 100-12 99°85 99°91 99-91 
a 1:6072 1:609 1-612 1:616 1°614 
B 1:6104 1-611 1°614 1:618 1616 
y 1:6176 1-618 1-622 1°625 1:625 
é 0:0104 0-009 0-010 0-009 0:009 
2V 67° 69°7° 67°8° 61° 65°5° 
D 3°565 3-571 3-550 3°55 3°531 

Numbers of ions on the basis of 24(0,0H,F) 
Si 3-905 |. 3:847 | 4-023 3: 522 | 3-945 
Al 3.o93 F400 0-153 | + _ 0-078 [4 = 9.955 [4°00 
Al 8-017 7991 7-956 7980 | 8-053 
Fe>* — — 0-029 — 
Fe?* _ — 83 0-001 ha 0-007 rs 04 — 8:05 
Mg ~ 0-031 0:024 0-014 0-001 
Ca — 0:004 | oose) oeae4 0: ee 
F 7°884 | o.n4 7°750 | g.14 7056 | - 4, 6°688 |... 6613 | 
OH 0-156, 0°359 | 0-908 fF 721-2g1 [7 1-277 f °°? 





* Includes Na 0-002, K 0-039, Ti 0-146 


Noo 


Howie, 1970). Anal. M. N. Chaudhry. 
3 Topaz of a zoned topaz-rich pegmatitic vein in aplite, Meldon, Okehampton, Devonshire (Chaudhry and Howie, 


1970). Anai. M. N. Chaudhry. 
4 Colourless topaz, topaz- quartz rock, Belowda Beacon, Roche, Cornwall (Chaudhry and Howie, 1970). Anal. 


wm 


Colourless, transparent topaz, vug in rhyolite, Thomas Range, Utah (Penfield and Minor, 1894). 
Fine-grained topaz from unzoned pegmatitic vein in aplite, Meldon, Okehampton, Devonshire (Chaudhry and 


Colourless topaz, topaz-bearing aplite, Meldon, Okehampton, Devonshire (Chaudhry and Howie, 1970). Anal. 
M. N. Chaudhry. 
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6 7 8 9 
32°38 32°53 33-00 30°62 SiO, 
—_— _ _ 1°52 Tid, 
56°67 55°67 56°76 53°24 Al,O; 
= —_— tr 2°72 Fe,0; 
— — — tr. FeO 
— — — o-00 MgO 
— — — 2:05 CaO 
16°87 15-48 13°23 12:40 I 
1:28 2°45 2°67 1:39 H,0* 
— _ 0-04 0-08 H,O- 
107:20 106°13 105-70 104°87 
7:10 6°52 7 5-21 O=F 
100-10 99°61 100°13 99-66 Total 
16147 1-629 4 1-629 1:629 a 
— 1:6308 1631 — B 
1:6243 1°6375 1:638 1°636 y 
0-009 6 0-008 1 0-009 0-007 d 
63° 49° 48° — 2V, 
3°547 3°532 3-509 — D 
3-967 3-981 4:037 3-923 Si 
0-033 |*™ g-o19 [4 _ 3523 | 4 00 Al 
151] 8-011 8:186 7363 | Al 
— — ~ 0°262 Fe** 
— = Ff ~ ~ — hae Fe** 
— — — Mg 
— | — — 0-281 | Ca 
6539], ,, 5990], 5°1221.,.., 5°024],.,, F 
1045 f° °° 2-000f 5 77 2178) °°" 1-188 )°“" OH 





6 Well-crystallized topaz, Slavkov (Schlaggenwald), Bohemia (Rosicky, 1916a). Anal. J. Harris. 

7 Yellow topaz, Minas Gerais, Brazil (Penfield and Minor, 1894). 

8 Fine-grained topaz in quartz vein, near granite, Chesterfield Co., South Carolina (Pardee et a/., 1937). Anal. R. E. 
Stevens. 

9 Topaz, loose aggregate after feldspar, quartz-topaz rock, Sredna Gora, Bulgaria (Radonova and Karadzhova, 
1968) (includes Na20 0:01, K20 0:24, P20; 0:60%). 
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Trace element determinations on 11 topaz crystals from various localities were 
reported by El-Hinnawi and Hofmann (1966): Ge is present in all of the topazes 
examined, ranging 95 - 280 p.p.m. Yellow crystals are relatively enriched in Cr, 
Mn, Co and V; Ni seems to be characteristic of blue topaz; a pink pycnite variety 


h MA nnm af Cr In additian to the nrecancea of trace alamante dafart cola 
nas ivy p.p.m. Or UO, in aadailion to tne presence O71 trace ciements, Gerect Coiour 


centres in the structure may influence the colour of topaz. In 14 samples of topaz, 
Seim and Schweder (1962) found a range 2 - 400 p.p.m. Ge. Shcherba ef ai. 
(1966) have shown that during greisenization Ge is extracted from granites and 
becomes concentrated in topaz and muscovite; the presence of fluorine ‘may be 


rtant in thic rac Tr m nte af Ga have le he orted i 
impor tant in tous pi rocess. a race amounts ©O Vi Wu@ 1laYN aiso oeen repor tea in topaz 


(Marchenko and Shcherbakov, 1966), the Ga presumably substituting for Al. The 
presence of radiogenic *He (500 x 10°'? cm?/g) has been detected in topaz from 
the Volyn pegmatites (Tolstikhin ef a/., 1974). Natural alteration products of 
topaz include margarite, fluorite, kaolinite, muscovite (sericite, gilbertite, 


damnnurite’ and hyvdram avite An endatharmi: 
damourite) and hydromuscovite. An endothermic DTA peak has been reported at 


1125 °C for topaz (Radonova and Karadzhova, 1968) but this may represent its 
breakdown to mullite. 


Experimental Work 


Topaz has been synthesized by the thermal hydrolysis of AIF; and SiO, (Schober 
and Thilo, 1940), topaz being formed between 750 and 950°C, with liberation of 
SiF 4: it is reported that some excess of Al,O; may be taken up, with enlargement 
of the lattice. It was produced also by Michel-Lévy and Wyart (1946), using a 
mixture of Na,SiF., amorphous Al,O; and water, and heating to 500°C for 9 
days at a pressure of 4000 bar, while Coes (1955) reported that using a mixture of 
AIF3, Al(OH); and SiO, the best conditions for its synthesis were 900°C and 
20000 atm. In the quaternary system AIF;-Al,0;-SiO.-H.20O, using conven- 
tional hydrothermal techniques, topaz has been synthesized between 350 and 
950°C at 2000 bar b oy Rosenberg (1972a) who reépor ted obtaining two series — one 
equivalent to natural compositions and having variable F/OH ratios and the 
other an OH-free solid solution series containing excess Al and F. In the natural 
series, stable in fluorine-deficient assemblages, topaz hydrolyses with decreasing 
temperature according to the equation Al,SiO.F, + xH20 = Al,SiO,F,,, (OH), + 

xHF; thus the F/OH ratios of topaz are dependent on the fugacities of HF and 
H,0, which are buffered by assemblages of four phases including vapour. 
Isobarically univariant curves were determined for topaz in assemblages (i) quartz 
(or corundum), mullite (or pyrophyllite), vapour, (ii) quartz, AIF;, vapour, (iii) 
corundum, AIF; (or ralstonite), vapour; zunyite, Al,3SisO20(OH, F Kory ap- 
pears below 500°C in silica-deficient assemblages. In the solid solution series 
stable in fluorine-rich assemblages, Rosenberg (1972a) found the coupled 
substitution of Al>* and F' and Si** and O7’, giving the general formula Al,(Si;.,- 
Al.O,_,F.)F2; where Al’* is not readily available, anion substitutions may be 
compensated | by tetrahedral vacancies (members of this synthetic series with ex- 
cess Al and F have mean refractive indices considerably lower than that of the 
natural F-rich end-member). Such compositions have not been reported in nature 
but may exist where bulk compositions are unusually high in fluorine and low in 
alkalis; thus topaz coexisting with ralstonite could be a member of this series 
(Rosenberg, 1972a) but would need to be characterized by X-ray and optical 


techniques. 
The occurrence of trace amounts of Ge and Ca in natural topaz has been noted 
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above; the syntheses of Ge and Ga analogues of topaz were reported by Baumer 
et al. (1973) who noted that Al,Ge topaz broke down to mullite on heating to 
1200 °C. The sintering of kaolinite with AIF;, removing Si as SiF,, has been 
reported (Rehim, 1975) to give at 625 °C material showing DTA curves and X-ray 


powder diffraction patterns of both topaz and mullite; the desilication of 
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kaolinite occurs in two distinct steps, the first marked by an endothermic peak at 
750°C representing the formation of topaz and the second by a sharp endother- 
mic peak at 950°C representing its subsequent dissociation to mullite (see also 
Bien and De Keyser, 1962, who reported that kaolin treated with AIF; gives topaz 


over the range 79§- 1000°C, mullite being produced ata higher temperature). 


aeausseae 


The breakdown of topaz by heating has been documented by Stuckey and Amero 
(1941); at 850-900 °C, the fluorine is expeiied leading to destruction of the struc- 
ture and a decrease in the specific gravity to 3:085, the product being mullite. 


Hampar (1973) has described the orientation relationship of the mullite and 
cristobalite produced by the thermal breakdown of topaz; under certain condi- 
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tions corundum was also formed. 


Optical and Physical Properties 


The optic axial plane is parallel to (010), and the positive acute bisectrix in normal 
to (001) which is the plane of the perfect cleavage: an interference figure is thus 
obtainable on cleavage flakes, though owing [o the relatively | 1arge 2V the optic 
axes are not usually visible. 2V decreases with increasing replacement of F by 
OH, as does also the specific gravity, while the refractive indices increase with in- 
crease in OH substitution for F; this relationship is due to the higher polarizabili- 
ty of OH (Ribbe and Gibbs, 1971). The difficulty in determining OH and F in wet 
chemical analyses, thus leading to many analyses in the literature with (F,OH) 
values inconsistent with physical properties, led Ribbe and Rosenberg (1971) to 
determine F in 13 natural topaz specimens by using an electron microprobe and to 
the establishment of equations relating F with 2V (wt.% F = 3-91 + 0°24 2V ) and 
with refractive indices (e.g. wt. % F = -144 34 + 180 91 a-5 660 a’); see also 


lt: 
Akizuki et al. (1979). These relationships are plotted in Fig. 328. The difficulties 


of avoiding errors in the accurate determination of 2V of thin sections of topaz 
have been discussed by Munro (1963). 
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The colour of topaz is very variable, ranging from water-clear colourless 
crystals through yellow and delicate shades of wine-red, light blue and light 
green. These colours, together with its hardness, make it suitable as a gemstone 
and it has been valued as such for many centuries. The finest yellow stones come 


from Minas Gerais, Brazil; the rose-coloured variety (Brazilian ruby) is rare, but 
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can be produced by careful heating of the yellow type. The colour of some topaz 
can be altered by exposure to X-rays, the newly acquired colours being destroyed 
by heat or sunlight. Dickinson and Moore (1967) demonstrated that on heating to 
500°C yellow topaz could be converted to pink topaz and that at the same 
temperature blue topaz becomes colourless and loses the electron paramagnetic 
resonance effect; they suggested that the pink coloration on heating could be due 
to Cr whereas natural yeliow and biue topaz owe their coiour to electron defect 
centres. A detailed consideration of the various colours of topaz together with ex- 


perimental treatment of 123 natural specimens and cut gemstones was reported 
by Nassau and Prescott (1975), who demonstrated two distinct types of yellow to 
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orange to brown colour produced by gamma irradiation and having different 
rates of formation. Some colourless topaz becomes biue after irradiation and 
gentle heating. But heating to 200°C for a few hours removed essentially all the 


colour of the specimens tested. Further relationships between colour and trace 
element contents of topaz were discussed by El-Hinnawi and Hofmann (1966); 


see also Platonov and Belichenko (1964). In thick sections or as cut stones the col- 
oured varieties of topaz may be distinctly pieochroic. 

Raman spectra of topaz have been reported by Griffith (1969) and the 
pleochroism of the OH-stretching frequency at long wavelengths was studied by 


Gebert and Zemann (1965). Infrared spectra of topaz have been published by 
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several authors, including Klimov ef a/. (1960), Zemann (1968), Brunel and 
Vierne (1970), Gervais ef a/. (1973) and Hunt ef¢ a/. (1973); the infrared absorp- 
tion pattern of synthetic topaz (Rosenberg, 1972a) shows an OH-stretching band 
at 2°72um. 

Investigation of polarized absorption spectra of 1 510 topaz crystals by Petrov 
(1977) led to the conclusion that topaz may be classified into colour groups; 
yellow topaz owes its colour to one type of colour centre and reddish topaz to two 
types. Violet topaz (see also Petrov ef a/., 1977) has an absorption spectrum con- 


sisting of two groups, each containing three absorption bands which can be cor- 


related with Cr>* substituting for Al?*. The orange colour of some topaz is caused 
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by the addition of yellow and violet. Blue topaz is due to an absorption band 
oscillating in the a direction, in conjunction with colour centres; the occasional 
green colour is formed additively by blue and yellow. 


The rarely observed parallel growth of individual crystals of topaz on (010) 
and (001) is regarded as structurally related to twinning (Gliszezynski 1949). Op- 
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tical anomalies were reported by Rinne (1926) who recorded a topaz crystal which 
in (010) and (001) sections showed a division into sectors with variable 2V and ex- 
tinction angles; after heating to 950°C for 3 to 5 hours these sections showed nor- 


mal optics. The optical anomalies were thus attributed to strain caused by a 


distortion of the structure. which ts relieved by heating to a temperature hi 
temperatur aan 


distortion of the structure, which is relieved heating to a 
than that at which the crystal was formed. 

An aiternative explanation of the optical anomalies, and possibly aiso the 
pyro- and piezo-electric properties of some topaz specimens (see below) has been 
given by Akizuki ef a/. (1979), in terms of the ordering of (OH,F) ions which 
could have taken place differentially in different sectors during crystal growth. 


The optical properties and the linear coefficients of expansion parallel to x, y and 
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z for a fluorine-rich topaz were determined by Kozu and Ueda (1929). The ther- 
mal expansion is greatest parailei to z, the chain axis, and this is consistent with 
the {001} cleavage representing the plane of the weakest structural bonds (Ribbe 
and Gibbs, 1971). The dielectric constants of topaz were determined on oriented 
plates by Wappler (1965S). 
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Regular orientation of topaz crystals on garnet has been recorded by 
Goldschmidt and Schroder (1919): icositetrahedra of garnet showing topaz 
needles in three sets on each {211} face of the garnet have an {010} face of the 
topaz parallel to {211} of the garnet, with the other two sets of topaz at about 
60°, as though twinned on {101}. 

Pycnite is a compact, columnar variety of topaz originally thought to be a 
separate species, but shown to be chemically and optically similar to topaz, while 
physalite or pyrophysalite is a coarse semi-opaque variety from Finbo, Sweden, 
which intumesces on heating. Infrared spectra and electron diffractograms of 
pycnite and tonaz were comnared by Omori et al. (1963) 
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Microscopic cavities are sometimes found in topaz, usually filled with a liquid. 
One such liquid, brewsterlinite, has a refractive index of 1°13 and has been con- 
sidered to be liquid CO); water has also been reported. Negative crystals in topaz 


from pegmatites have been reported to contain quartz, muscovite and cryolite, 
leadino Lemmlein ef al. (1962) to calculate that the solubility of tonaz in the 
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pegmatitic mother liquor was 10 - 15 mol. per cent and that crystallization occur- 
red at 700°C and at a pressure of several thousand atm. A detailed study of 
defects in a crystal of topaz, using optical and interference microscopy, X-ray 
topography, and both scanning and electron microscopy, enabled Phakey and 
Horney (1976) to report that the relatively nerfect core had a dislocation density 
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of about 107/cm? compared with the highly defective rim which had about 
10’/cm? dislocations together with a network of cracks and faults attributed to a 
rapid increase in impurities during the later stages of crystallization. Further 
studies of inclusions in topaz were reported by Naumov et al. (1971) who obtain- 
ed a temperature of crystallization of topaz in quartz keratophyre of 520 °C and 
by Dunn (1974). Topaz from a quartz- topaz greisen in Cinovec, Czechoslovakia, 
was found to contain relics of quartz, cassiterite and other minerals and multi- 
phase inclusions with halite and sylvite; DuriSova et a/. (1979) concluded that un- 
mixing with generation of brines occurred at 300- 500°C in response to a sudden 
drop of fluid pressure. 

The identification of kaolinite and cryolite as solid inclusions in Volynian 
topaz has been reported by Lazarenko (1973, 1974), who obtained a temperature 
of homogenization of 350- 300°C. The inclusions in these topazes have also been 
studied in detail by Voznyak (1971) and Voznyak and Kalyuzhryi (1974) who 


were able to establish that a complex process of rehealing of fractures had occur- 
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red; eight types of inclusions were recognized, with homogenization temperatures 
of 415 to < 300°C at 230-250 atm. Motorina (1967) obtained a homogenization 
temperature of 465-550°C at a possible pressure of 300-400 atm for 
pseudosecondary inclusions with up to 70 per cent dissolved salts in topaz from 


the Volyn’ pegmatites. 
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Quartz- topaz rocks occurring as dykes and sills intruding a biotite granite and 
sediments in a roof pendant in the New England batholith are considered to be 
magmatic in origin (Eadington and Nashar, 1978). Primary fluid inclusions in- 
dicate crystallization temperatures in the range 570-620°C, close to the ex- 
perimentally determined solidus of a vapour-saturated, topaz-normative melt. It 


is considered that crystallization of these. quartz - topaz rocks followed saturation 
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of a granitic magma with water and the formation of immiscible silicate and 
aqueous phases; partitioning of alkali metals into the aqueous phase left a silicate 
melt that could only crystallize quartz and topaz. 


Distinguishing Features 


The hardness and the perfect basal cleavage are noteworthy, while the high relief 


tna ether with the weak hire fringence nositive antic cion ematic farm and 
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moderate 2V are characteristic. Topaz may be distinguished from andalusite by 
its smaller 2V and by its different orientation in that y = z and the cleavage traces 
(001) are parallel to the fast ray, while andalusite is length-fast a = z. It has higher 


birefringence than melilite or vesuvianite, and although cleavage flakes of topaz 
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quartz and feldspar in colour and birefringence but the high relief is distinctive 
and in massive specimens the density is much greater. 


Paragenesis 


Topaz occurs chiefly in acid igneous rocks, such as granites, granite pegmatites 
and rhyolites, and is often found in veins and cavities in such rocks: it is usually 
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greisen. Associated minerals may include quartz (particularly in quartz- topaz 
rocks or topazfeis), fluorite, tourmaline, beryl, cassiterite, and muscovite or zinn- 
waldite. 

After examining the trace element geochemistry of various types of granites, 


Haanala (1974) noted that topaz- hearing granites were characterized by rela- 
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tively high values of F, Li, Be, Rb, Ga, Sn and Nb together with low Me, Fe, 
Ti, Ba, Sr and Zr compared with both rapakivi granites and normal granites. 
Greyish white prisms of topaz occurring with beryl in pegmatite have been 
studied by Odman (1950), while a typical pegmatitic assemblage of topaz, smoky 
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(1935). A detailed description of topaz-bearing rocks of the Transbaikal region, 
including greisen zones, and cassiterite and wolframite veins, has been given by 
Grigoriev and Dolomanova (1954): they distinguished the various paragenetical 
types of topaz and considered that it is replacing muscovite and zinnwaldite, and 
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Fe, Mg, Ca and Li giving rise to liquid inclusions in the topaz. The well-known 
topaz deposits near Ouro Preto, Minas Gerais, Brazil, occur in and near a fault 
and in tension fractures in a Precambrian phyllite, and it has been suggested 
(Olsen, 1971) that they were deposited, together with hematite and euclase, by 
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assemblage (see also Fleischer, 1972; Olsen, 1972). The precious topaz deposits of 
the Llano Uplift area of Texas have been described by Broughton (1973). The 
loose aggregates of topaz in secondary quartzites of Sredna Gora, Bulgaria, have 
been attributed to the  Post- -volcanic hydrothermal alteration of feldspar to give a 
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granitic pegmatite, Gunnison County, Colorado, large topaz crystals (many at 
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least 60 cm long and 15 cm in diameter) are concentrated at the base of the core 
unit, implying gravitational settling of topaz in the melt (Rosenberg, 1972b). The 
majority of these crystals are also oriented with their long axes roughly parallel to 
the apparent layering of the pegmatite body. Their F content of 18-8 per cent cor- 


responds with a crystallization temperature of about 750°C at 2000 bar 
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(Rosenberg, 1972a). 

The association of topaz and cassiterite is known from tin lodes in ali parts of 
the world: detailed descriptions of the occurrence of topaz in Cornwall, where it 
is often associated also with wolframite, have been given by Russell (1924). Here 
it occurs both as a primary and secondary mineral in granitic rocks, and also in 
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pneumatolytic veins in the surrounding ‘sediments: the topaz- quartz rock of 
Belowda Beacon (Table 71, anal. 4) occurs as irregular masses in rotten por- 
phyritic granite and forms a rather fine-grained saccharoidal mass. Massive topaz 
has also been described by Stuckey and Amero (1941) from a gold- quartz vein, 
and extremely fine-grained compact massive topaz is known from the Ivigtut 
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cryolite deposit, Greenland. 

The occurrence of topaz in porphyritic dykes, up to 2 m wide and severai hun- 
dred metres long, cutting siltstone near the Ongon Hayrhan tungsten deposit in 
Mongolia has been studied by Kovalenko et a/. (1971) who considered that the 


topaz-bearing quartz keratophyre of the dykes represents a new variety of ig- 
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neous rock termed by them ongonite. The dykes have a prominent flow structure 
and are considered to be magmatic in origin. in the Meidon aplite, Devonshire, a 
Li-rich aplitic dyke, topaz occurs as a fairly common accessory phase (Table 71, 
anal. 5); it is also found in pegmatitic veins (anals. 2, 3) cutting the aplite. 
Rosenberg (1967) noted a tendency for topaz from pegmatites to have lower 


Rosenberg (1967) noted a tendenc for topaz from 
F/OH ratios than those from cavities in rhyolites (e.g. anal. 1). Tuffisites con- 
taining topaz are reported from the Nigerian Younger Granite province, where 
they occur in rocks originally interpreted as andalusite-bearing metasediments 
but which more recently have been recognized as volcanic in origin; Wright (1974) 
considered that the topaz was developed from late volcanic emanations or from 
hydrothermal fluids related to the mineralization stage of the granite emplace- 
ment. 

Colourless, purple and pink topaz have been found with quartz in calcite veins 
in calcareous rocks in the Mardan district of northwest Pakistan (Jan, 1979); the 
veins do not contain any fluorite nor do the country rocks have any topaz. These 
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topazes contain approximately 14 per cent F and may have been formed in situ by 
hydrothermal/pneumatolytic activity, followed by tectonic movements which 
resulted in their incorporation in the later-formed vein calcite. 

Spherulites of topaz are described from alunitic, alunite- pyrophyllite, and 
kaolinite deposits in Azerbaidzhan (Babaev, 1978); white to yellowish grains con- 
stitute up to 20 ) per cent of the rocks, analysis of the topaz showing F 9°76, H,0* 
3°68 per cent. Topaz is occasionally found locally as a heavy mineral in detrital 
sediments near an area of acid intrusive rocks. 

In metamorphic rocks topaz is known from emery deposits produced by the 
metamorphism of bauxite (e.g Onay, 1949); in some such cases it may be of 


pneumatolytic origin, in association with a nearby igneous intrusion, but in a 
regional metamorphic terrain the fluorine is probabiy derived by regionai 
metasomatism. 

Sillimanite-kyanite rocks containing topaz have been described from the Pre- 


cambrian of Tanzania (Kempe, 1967), including one type which is essentially a an 
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iron-stained topazfels consisting ofa saccharoidal mass of topaz crystals (@ 75%) 
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with 15 per cent sillimanite, 5 per cent quartz and 5 per cent kyanite, rutile and 
zircon. No evidence was found for any solid solution between the sillimanite and 
the topaz and in this paragenesis the topaz is considered to be a primary mineral 
resulting from the high-grade regional metamorphism of impure (aluminous) 


siliceous sediments in a locally F-rich environment. Sillimanite- topaz rocks have 


also been reported by Wallis and Kennedy (1965) from New South Wales and by 
Sheridan et a/. (1968) from Precambrian gneiss in Colorado; in the latter occur- 
rence topaz is associated also with rutile and may amount to 23 - 67 per cent of 
the rock. Topaz has been reported as inclusions in brookite (Brammall, 1928). An 


andalusite-topaz greisen has been described by Hildebrand (1961) from a 


hydrothermal belt in Puerto Rico. 
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| Staurolite (Fe,?*Mg,Zn), (Al,Fe, **Ti)sO6[(Si, A) O4] 4 (O, OH),| 


Monoclinic (pseudo-orthorhombic (+) 





au 
a 001 
a 1°736-1°747 
p 1-742 - 1-753 
y 1:748- 1-761 | | | 1 | 
b 0-011-0-014 ! 
2Vy 80 °-90 1) | | riley 
a=y, B=x, y =z, O.A.P. (100) al a 
Dispersion: r> v weak - 1 z | 
D 3°74 - 3°83 a | | 1 [9 
H V3 B Hoy | 
Cleavage: {010} moderate a a 
Twinning: Reflection, approx. (031); [100},, . [013}{%}, . 

Reflection, approx. (231); [313],,,- [102],,,- 
Colour: Dark brown, reddish brown, yellow-brown; pale golden yellow 


in thin section, 
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Pleochroism: a colourless, B pale yellow, y golden yellow. 
Unit cell: a 7°86-7°90, b 16°60- 16°64, c 5°65-5°67 A, B = 9 
Z = 2 Space group C2/m. 
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Slowly attacked by H2SOx, insoluble in cold HF. 


i y p 
argillaceous sediments, and in some regions its development is sufficiently 
widespread for staurolite to be used as an index mineral in metamorphic zoning. 
Although magnesian staurolites have been synthesized, natural minerals are fer- 
roan with 100Fe/(Fe+Mg+Mn) ratios most commonly in the range 70-80. Zin- 


Cian variatiag Accur nat infrequently, vand a cohaltian staurolite lncabita hac ha 
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described. Cruciform twins are common, and the name is derived from the Greek 
stauros and lithos, meaning a stone cross. 


Structure 


The structure of staurolite, first determined by Naray-Szabo (1929), was based on 
an orthorhombic (Ccmm) unit cell containing 48 oxygens approximately in the 
cubic close-packed arrangement (volume per oxygen atom 15:15 A}), Parallel to 


(010) there are layers of kyanite structure ‘and composition, i.e. chains of Al oc- 
' An optically negative staurolite, with 2V,, = 88° is reported by Drysdale and Stillman (1963) (see 
p. 838). 
2 See p. 840. 
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tahedra parallel to (010) cross-linked by SiO, tetrahedra and Al octahedra. The 
repeat distance of the octahedral chain defines the c axis in both staurolite and 
kyanite (* 5°6 A) and the common element of structure leads to the parallel 
crystallization of the two minerals on (010) and (100) for staurolite and kyanite 
respectively. 

In the first model of the staurolite structure, kyanite layers alternated with 
layers of composition Fe(OH).2, but chemical analyses by Juurinen (1956) showed 
that the mineral contained more (Al,Fe) and less hydrogen than this would imply. 
Hurst ef a/. (1956) provided X-ray and optical evidence for pseudo-orthorhombic 
monoclinic symmetry (C2/m) and Naray-Szabo and Sasvari (1958) put forward a 
new structure with two additional Al ions in octahedral sites. In this structure 
(Fig. 329) layers of 8 Al,SiO; (kyanite) alternate with layers of composition 
Al,Fe,OsH2 giving the overall formula H2Fe,?*Al,sSigO4s. In Fig. 329 the 
kyanite and extra layers are labelled K and S respectively. In the S layer, Fe and 
Al are respectively in four- and sixfold coordination. In the structure as a whole 
there are five crystallographically distinct octahedral sites occupied mainly by Al, 





O = Oxygen at z“’ 0 and \ 0;5 O = Oxygen at z 0°25 and 0°75 


Fig. 329. Idealized structure of staurolite. Two cells are shown projected down z and the kyanite 
unit cell is also outlined. Alternate blocks of the structure are denoted XK (for kyanite) and S§ respec- 
tively (after Naray Szabé and Sasvari, 1958). 
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one tetrahedral site occupied mainly by Fe and one tetrahedral site mainly by Si. 
The total numbers of cations in the above sites when fully occupied are, as in- 
dicated in the ideal formula, 18, 8 and 4 respectively. This idealized structure is 
basically correct but subsequent studies have refined the atomic coordinates and 


t hin f 
site occupations (including cations other than Si,Al and Fe), and also investigate 


the role of the hydrogen atoms which commonly exceed two per unit cell. 

Hanisch (1966) refined in space group Ccmm a zinc-bearing staurolite (ZnO = 
7°5%) and attributed some weak extra reflections to ordering of Alin the S layer. 
Smith (1968) refined the structure of a ferroan staurolite (monoclinic C2/m, a 
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of previous workers. Smith found also that there were two additional octahedral 
sites U(1) and U(2) (Fig. 330) in the S layer only weakly occupied by (0°11Fe, 
0:05Mn) and (0°06Fe, 0°02Mn) respectively, per unit cell. Using chemical and 
Mossbauer data as well as crystal chemical considerations, Smith deduced the site 


Arcinatinne [Re ..fAl Ma) Ti Al Da 
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Alo.5:]47.93 aS compared with the ideal FesAlieSis and the composition of the S 
layer as [Al,Fe ,Mn]° 1-633 [Feo.17Mno. o7]o-24, [Fe, etc] * 3-67 aS cOMpared with the 
ideal Al,Fe,. A plan view of the S layer is given in Fig. 331. Cation deficiencies 
are not an uncommon feature of staurolite generally. The existence in many 


t lit ft th thet ut d to hal 
staurolites of more than the two H” ions required to balance the idea! formula can 


thus be explained partly by the compensating substitutions of (Mg,Fe) for Al or 

Al for Si, and partly by the incomplete filling of cation sites (see below). It ap- 

pears that nearly all of these variations occur in the S and not in the K layer which 

remains close to the ideal Al.SiO;. Mossbauer and X-ray work aoe Smith (1968) 
Il ac 


indicated the presence of some Fe?* in octahedral as well as in the tetrahedral 
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Fig. 330. Half-cell of the crystal structure of staurolite projected down z. Solid and open circles in- 
dicate cations and oxygen atoms respectively. Heights of atoms as decimal fractions (<1000) of the c 
repeat distance are indicated. The additional octahedral sites U(1) are shown and a further set U(2) oc- 
cur at the same point but displaced by c/2. Alternate blocks are marked K and S as in Fig. 329 (after 
Smith, 1968). 
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Fig. 331. The S layer of staurolite viewed along y. Stipled tetrahedra enclose [Fe}‘ sites and shaded 
octahedra enclose [A1]‘ sites. The extra U sites are indicated by dashed circles. Approximate per cent 
occupancies are given by the filled sectors of circles (after Griffen and Ribbe, 1973). 


sites, and Mossbauer spectra (Takeuchi ef a/., 1972; Dickson and Smith, 1976) 
gave this further support. 

Griffen and Ribbe (1973) examined the range of compositions of staurolite 
from many localities using principal component analysis. Their results fully sup- 
port the substantial roles of Fe and Mg for [Al]°® and also of Zn and Al but not 
Mg as a primary substitute for [Fe]*. The substitution [Ti + Mg]® = 2[Al]® has 
also been suggested by Hollister (1970) and by Griffen and Ribbe (1973). The lat- 
ter authors also noted the incomplete filling of cation sites in the S layer of 
staurolite and suggested that this may explain the moderate (010) cleavage. 

Much consideration has been given to the role of hydrogen in the stucture and 
chemistry of staurolites. The number of H ions per formula unit appears to be 
variable between two and four with a tendency for the latter limit to be approach- 
ed. (Griffen and Ribbe, 1973), Naray-Szab6 and Sasvari (1958) had proposed 
that hydrogens were in octahedral sites, and Schreyer and Chinner (1966) had 
proposed the substitution of 4 H for Si. Neither of these has been confirmed by 
structure determinations. Hanisch (1966) concluded on crystal chemical grounds 
that the protons are probably associated principally with O(1), an oxygen that is 
coordinated by two [Al]® and one [Fe?*]* and is therefore not balanced by these 
cations. This was confirmed directly by a neutron diffraction and nuclear 
magnetic resonance study (Takeuchi ef a/., 1972) which showed that there are two 
sets of four sites for hydrogens and that in the specimen studied, the eight sites 
per unit cell were statistically occupied by three protons. Figure 332 shows the 
partial occupation of proton sites lying near the faces of Al(3) octahedra which 
form a column parallel to z. A weak bifurcated hydrogen bond occurs between 
O(1) and two O(3) atoms. 

As stated above, in order to achieve charge balance the number of H ions in 
the formula unit has to accord with the extent to which cation sites in the S layer 
are filled and the valencies of the cations filling them. Takeuchi et a/. (1972) ex- 
press this relationship as shown in Fig. 333 which plots staurolite compositions in 
terms of m the number of H ions and 7 the number of cations in the ‘Al’ sites of 
the S layer. If the latter are all trivalent the line m = 8-3n pertains, and if some are 
divalent the field shifts towards m = 8-2n. 
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Fig. 332. AK3)-(O,OH) octahedra forming a chain parailei to z, showing the statistically occupied 
proton sites P. One of the adjoining Si-O tetrahedra and some nearby cations are also shown (after 


Takeuchi e¢ al., 1972). 
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Fig. 333. Relation between number (m) of hydrogen atoms and number (n) of cations in the Al(3) (S 
iayer) sites. The poinis shown are from chemicai anaiyses from the iiterature as foiiows: 
1-8: Deer et al. (1962); A: Uruno and Kanisawa (1965); 


Chinner (1565); G : Green (1563); H : Hoilister (1970); 
Juurinen (1956); S: Schreyer 1 and Chinner (1966); 
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Takeuchi ef ai. (1972) (after Takeuchi e7 ai., 1972). 


eon 


The question of the symmetry of staurolite remains somewhat enigmatic. It 
appears that the major deviations from orthorhombic symmetry are the relative 
occupations of pairs of octahedral sites in the S layer. Smith (1968) suggested that 


tharea may hea larger diffarancac in thace cite accinatinance hit that they are mackad 
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by submicroscopic twinning on (001) (see also Hurst ef a/., 1956). Hollister and 
Bence (1967) reported some staurolite that was truly orthorhombic, so it is possi- 
ble that two types exist. 

The lattice parameters of 15 analysed staurolites, determined by X-ray powder 


metho ac (Griffen an nd Ribbe 1092) ranged: 77: 86S- 7° 897 A b 16: §00 - 16: 422 
MetnoGs Woriiien ana Niooe, i775) rangea: @ i iraAy us VIIA, 


c 5:656-5°664 A, B = 90°. Whereas a was found to be nearly independent of com- 
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Fig. 334. Variation of cell edges with iron content. Regression lines and coefficients given by Griffen 


and Ribbe (1973) based upon their own data. 


position, b and c both increase linearly with increasing Fe content (Fig. 334). 
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calculated powder pattern for staurolite has been presented by Borg and Smith 
(1969). 

An Mg-staurolite synthesized by Schreyer and Seifert (1969) had the cell 
parameters @ 7°887, b 16°552, c 5°635 A (orthorhombic). The value for b accords 


quite well with that given by a linear extranolation of the data siven by Griffen 
VV ELAR CLICAL Bivwsil vy a aALEANVCHE VA appv au Lsbwe WER “a &! RALiws 


and Ribbe (1973). The cell dimensions of a cobaltoan variety of staurolite, 


na 


iusakite, are a 7°87, b 16°65, c5°67A (Skeri and Bannister, 1934). 


Chemistry 


Common ferroan staurolites contain appreciable and variable amounts of 
magnesium but otherwise do not show major compositional changes. The struc- 
tural formula, nevertheless, has until recently been the subject of a number of dif- 


ferent suggestions. The composition Fe(OH)2. 2 Al,SiOs, based on the Naray- 


Szabo Structure model with a unit- cell content of FigFe4Al 691]gU 48, contains 
more hydrogen and less aluminium than is indicated by the analytical data. 
Jakob’s (1941) earlier proposal that the general formula could be expressed as 
(Fe?*, Na)a.s—s-sAl;sSisQO48(H2O)o_3, implying that there are no hydroxyl groups 


2 AMES 32°64 BA BBN 48 VS 22h 70-35 BARA PAY AALS LSE LLELLY CE SENS Ae ye uu 


in the structure, is likewise unsupported by | the chemical and structural data. The 
suggestion by Juurinen (1956) that the ideai cell content is H4Fe,Al,sSigO4. 
represents a close approximation to the chemical data but this formula con- 


tradicts the principle of electrostatic neutrality. The more recent structural 
(Smith, 1968) and crystal chemical studies (Griffen and Ribbe, 1973) lead to the 
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formula 


822 Orthosilicates 
[Fe?*]:,[Al].,,[Si]2,O4sH., 


with which most, and particularly the later microprobe analyses, are in relatively 
close conformity. The present uncertainties are mainly related to the precise loca- 
tion of the cations in four- and six-coordination positions occupied primarily by 
iron and aluminium respectively. 


Although staurolite generally cho ws re ela tively v cmall compositional Variation 
ws witht Yway a VOGAL ACALE 
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this problem of the site assignment is largely due to the number of possible 
substitutions in the staurolite structure, to the occurrence of cation sites that are 
only partially occupied (see structure section), and to the difficulty of accurately 
determining the water content. In the earlier analyses there is the further uncer- 


tainty relating to the status of ferric iron. commonly reported in staurolites 
Saaaaaey bwiGhlillip tay WilMetLu was awkh iw BRW/ELY We NWVARAARANJAEL Y swypwvitwune aan JEU WYLIE 


analysed by classical methods, that may have arisen by oxidation of divalent iron. 
In microprobe analyses aii the iron is regarded as being divaient, an assumption 
that is supported by the absence of trivalent iron indicated by Mossbauer spectra 
(Bancroft et a/l., 1967), and by Smith’s (1968) structural investigation. An addi- 
tional factor in the interpretation of non-probe analyses is the ubiquitous 
presence of inclusions in staurolite with the result that some earlier analyses have 
probably been made on sampies containing smaii amounts of impurities, par- 
ticularly of quartz. 

Griffen and Ribbe (1973) have presented microprobe analyses of 20 staurolites 


from varions localities that chow the following variations in the cation contents 
hawaas VYRALIWUDO AWN CEELEAN OD LLL OA VY tALlw EWiiy vv Lig VOCAL ALGCAUEWELD 282 LAE VCALEWEL VEAL EEL 


per formula unit, Si7.64-7.91(7'°52- 8: 15), Al,7.07- 17-68(16°6- 17°91), Fe2.19— 3.44 
(2°19- 3°56), Mo.38 —1-13(0°26- 1°52), ZNo.o- 1-0-1 41(0°0- 1°59), Tlo.09—0-14 
(0:09-0:23), Coo- 0.004, Vo-o1, Cro~o-02 (the values in brackets show the extended 
ranges exhibited by the analyses detailed in Table 73, p. 824). 


For camnlec where water hac not heen determined the hvdrogen content of the 
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staurolite unit cell can be calculated using the method proposed by Griffen and 
Ribbe. This is obtained by normalizing the analytical data to the unit-cell mass, 
derived by multiplying the density by the unit-cell volume, and apportioning the 
unit-cell mass to the various cations on the basis of the analyses. As the unit-cell 


. . 
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should equal the number of H* ions. Three analyses treated in this way give an 
average of 3-8 H* (range 3:3-4°6) per unit cell, thus supporting Smith’s sugges- 
tion that there are approximately 4 H® in the unit cell (equivalent to = 2°15 wt.% 
HO). Accepting that the unit cell contains 4 H* the chemical analysis is normaliz- 


Table 72. Cation site assignments in staurolite (Griffen and Ribbe, 1973) 





[Si]‘ [Al]® [Fe]* Reference 

Si Al, Fe?*, Ti Fe**, Mg, Mn, Zn Juurinen, (1956) 

Si Al Fe?* Naray-Szabo and Sasvari (1958) 
Si Al Fe, Mg Richardson (1967) 

Si Al, Ti Fe?*, Mg, Mn Schreyer and Chinner (1966) 
— — Fe, Mg, Mn Hounslow and Moore (1967) 
Si, Al Al, Ti, Fe?* Fe?*, Mg, Mn, Zn_ Hollister and Bence (1967) 
Si Al, Fe?* Fe**, Mg Bancroft et al. (1967) 

Si, Al Al, Fe?*, Mg, Mn. Fe?*, Al, Ti Smith (1968) 

Si Al Mg Schreyer and Seifert (1969) 
Si, Al Al, Ti, Mg, Fe?* —-Fe’*, Mg, Zn, Mn__ Hollister (1969, 1970) 


Si Al, Ti (2), Mn Fe**, Mg, Zn Guidotti (1970) 
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ed to 44 oxygens + 4 (OH), equivalent to the normalization of the total metal ca- 
tion charges to 92 e.s.u. Whereas the number of anions (48) is constant, as il- 
lustrated by Smith’s generalized formula, the number of cations is not fixed, and 


the practice of normalizing to 30 cations is not recommended. 


A cu~mmarv comniled by Griffen and Rihhe of cation assionments to 
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{Al]° and [Fe?*}* sites suggested by earlier workers is detailed in Table 72. The 
table also includes the site occupancies and substitution predicted by principal 
component analysis on the assumption that all the silicon is located in the [Si]*, 
with sufficient aluminium added to fill the site, and in accordance with crystal 


chemical principles, Mossbauer evidence and site refinement data. This analysis 
WwiAEWALLIWOSE AVseWoIUMe BWwLALAWAAAWAL 


shows that Fe?* may substitute for Al in octahedral coordination as well as occu- 
pying the [Fe?*]* site and that Al + Zn in preference to Mg may substitute for Fe 
in this site. 

Analyses of 20 staurolites are detailed in Table 73, and of 6 zincian staurolites 


and the cohaltnan ctaurolite (hicakite) in Tahle 74 A value of 2-15 wt. ner cent 
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H.20 has been assumed in calculating the numbers of cations on the basis of 44 
oxygens + 4 (OH) for those analyses for which water was not determined. In 
assigning the cations to structural sites any deficiencies in the tetrahedral position 
mainly occupied by silicon have been completed by allocating aluminium in 


. . . . 
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analyses show more than eight silicons and this excess has been assumed to be 
present in the octahedral sites mainly occupied by aluminium. To complete the 18 
cation sites of the formula unit, titanium, ferric iron and chromium have been 
assigned to the octahedral site; where a deficiency still exists, magnesium is 


accuimed to accunv come of thece sites The remaining magnesium together with 
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all the ferrous iron, manganese and zinc are placed in the tetrahedral site 
dominated by ferrous iron. This method of cation allocation, in the majority of 
the analyses, leads to a sum of < 4 in the ‘iron’ tetrahedral site, a deficiency that 
may amount to as much as 0°8 cations per formula unit. Analysis 2 (Table 73) 
shows an exceptionally high total for this site but the analysis also shows a very 
high content of silica, and it is possible that the sample contained impurities. 

Zinc is present in more than trace amounts in many staurolites, more than 0:1 
Zn per formula unit is not uncommon, and a zinc-rich staurolite (7°4 wt.% ZnO) 
has been reported by Juurinen (1956) Cobalt is rarely present in staurolite except 


. 
in trace amanuntc hut a ecohaltoan yariety lhicakite crontainine R-AQwt ner cent 
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CoO, and an unusually large amount of nickel (0°89 wt.% NiO) was described by 
Skeri and Bannister (1934). An exceptionaily chromium-rich staurolite (Table 73, 
anal. 14) has been reported by Demange (1976). The determination of the alkali 
metals is not commonly reported in analyses of staurolite, but an appreciable 


content of natassnim and codium ic nrecent in the ctaurolite (anal 7) deccrihed hv 
WwWAALWEAL WE PY Huta ASEM OWES AD Kt WwiWASL AEA LEEW OLLIE (asia, f a MWVUWL AWS wy 


Leake (1958). Trace element contents of Be, Co, Cr, Cu, Ga, Li, Ni, V and Zr are 
given by Hietanen (1969), and Ga, Cr, V, Li, Ni, Co and Zr by Schreyer and 
Chinner (1966) for staurolites of the metapelites of the Snow Peak area, Idaho, 


and staurolite quartzite, Arriba County, New Mexico, respectively. 
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The partition of magnesium between staurolite and garnet, as expressed by the 
exchange reaction between the most iron- and magnesium-rich members of 
ctanralite and aarnat enlid enhitianc ic aiven hu: 
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Table 73. Staurolite Analyses 
1 2 3 4 5 

SiO, 29°86 31°37 27°28 27°45 28°5 

TiO, 0°91 0°53 0°58 1:10 0°67 

Al,O, 53°67 48-30 54:45 §3°57 50°3 

Fe,0; — 0-00 — 1-11 — 

FeO 7°68 14°02 10°66 11-38 15:2 

ZnO _ — 1-00 _ — 

MnO 0°03 0°17 0-20 0°20 0°05 

MgO §°73 3°66 2°78 3717 3:0 

CaO 0-12 0°56 0:02 — — 

H,0* — 1°50 2°16 2°44 2°14 

H,O- — _ — — — 

Total 98-00 100°11 99°23 100°42 99°86 

a _ — — 1:740 — 

B — ~ — 1746 1750 

y _ — ~ 1:753 — 

2v_ ~ ~ _ 87° — 

D ~ ~ — 3:743 — 
Numbers of ions on the basis of 48 (O, OH) 

Si 80001 og 80001 gn 75691 g.cg 75251 9.99 79841 g.0n 

Al ~— | 800 _ Ff 800 9.431 7 8 o.475 7 F™ o-oig ys FO 

Al 17-012] 16-898 7 379) 16-838) 16598 | 

Si 0-028 0-758 0-000 0-000 

Ti 0-184 Lie: ‘00 0-112 Lis 8-00 0 121 121 |18:00 0:227 Ls-00 0-142 L799 

Fe>* — — 0°230 — 

Mg 0-776 | 0-2 22 | 0-500 | 0-705 | 1-252 

M 1°520) l- 392 0°649 0-590 0-000] 

Fe** i] 3: 2] 2° ‘474 | 2-608 | 3°562 

Mn 0-007 9 0-040 7 0-047 | 3:43° 0-046 | 3-25 0-012 + 3°57 

Zn — | — [ omsf — | — | 

Ca 0-036 } 0-168 J 0-007 | —- | — | 

OH 3°958 2°922 4-000 4°460 4:000 

LFe* 43:0 68°5 68°7 70°6 74:1 





*100 (Fe?* + Fe>* + Mn)/(Mg + Fe?* + Fe? + Mn). 
b Includes Na 0°043, K 0-007. 


= 


Magnesian staurolite, crystallized from a glass of olivine tholeiitic composition with Swt. per cent H 


tauront compo per cent H2 
(Hellman and Green, 1979). (H,0* 2°15 per cent assumed). 
2 Staurolite, biotite- garnet -cordierite- staurolite- sillimanite- plagioclase- quartz schist, Kodar Range, eastern 

Siberia (Korikovskiy and Teleshova, 1970b). 

3 Staurolite, amphibolite, Upper Seaforth River, central Fiordland, New Zealand (Gibson, 1978). (Total iron as 
FeO; includes Na2O 0:08, K,O 0:02; H20 calculated on the basis of 4(OH) per unit ceil.) 
Staurolite, chlorite schist, Glen Urquhart, Scotland (Juurinen, 1956). Anal, A. Juurinen. 
Staurolite, garnet- kyanite-staurolite schist, Lukmanier, Switzerland (Frey, 1969). Anal. G. B 


as FeO; H20 calculated on the basis of 4(OH) per unit cell). 


nm 
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Table 73. Staurolite Analyses - continued 
6 7 8 9 10 
27°22 27°36 28:07 28°89 28°33 SiO, 
0°56 0°73 0°56 0°81 0°86 TiO, 
54°16 52°12 53°94 52°61 52°85 Al,O; 
12°31 13°09 12°78 10°78 10°92 FeO 
_ _— 0°13 _ _ ZnO 
0°23 0:10 0:08 0:09 0°04 MnO 
2°34 2°44 2°15 2°09 2°13 MgO 
— 0°29 — — 0°22 CaO 
1:98 2°47 217 1°78 1:9] H,0* 
— — _— _ — H,0- 
100°27 ‘100-16’ 99°94 100-00 100-67 Total 
1741 — 1:737 1:74] 1:741 @ 
1-747 — 1:742 1:747 1°746 B 
1°754 — 1°748 1°755 1:755 Y 
86° g4° 88° — — 2V, 
3°758 _— _ — —_ D 
Numbers of ions on the basis of 48 (O, OH) 
7°539 | o.an 7°600 |. oan 7°756 |g an 7-991 | oman 7 805 | o.an Si 
0-461) °% 0-400 | °™ 0:244 | °%” 0-009} °*™ 07195 | °*™ Al 
17°226 | 16670 | O. “O00 ‘7 17-151] 16°974 ] Al 
0:000 0°000 0-000 0:000 Si 
0°116 -18-00 0°153 18-00 "| 8:00? 0°167 F18°00 }~=—-: 0179 + 18-00 Ti 
038 | Oo | O06 | 0142, Fe** 
0°352 0:943 0° 54 | 0:067 0°142 Mg 
0°613 1 0-048 | 0-331 0°795 | 0°732 Mg 
2°851 3°041 2:953 | 2° sa 2°517 Fe** 
0°053 | 3°52 0°023 | 3:37 0°019 |} 3:33 0°021 | 3:21 0:010 Mn 
— / _ 0°027 r / — Zn 
—- 4] 0:087 | —- 4 — | 0°065 | Ca 
3°659 4577 4:000 3°286 3°510 OH 
169 76°9 17-1 78°4 78°7 <Fe 


“ Includes Na 0-053, K 0°120. 


Includes Cr 0002, V 0-007. 


MIMS WV se, FV 


* Includes Co 0-002. 


Staurolite, staurolite- mica schist, Windham, Maine, USA (Juurinen, 1956) Anal. A. Juurinen. 

Staurolite, staurolite- quartz-biotite- muscovite- garnet schist, Rinvyle Church, Co. Galway, Eire (Leake, 
1958). Anal. B. E. Leake (includes Na2O 0°10, K20 0°34, P20; 0°10, S 0°01). 

8 Staurolite, Galax, Virginia (Griffen and Ribbe, 1973) (includes Cr2z0; 0°01, CoO 0:01, V20;5 0°04; analysis 
normalized to 44(O) + 4(OH): a 7°871, b 16°619, c 5°650 A). 

Staurolite, staurolite- muscovite- biotite- quartz- feldspar schist, Glen Clova, Angus, Scotland (Chinner, 
1965) Anal. G. A. Chinner (recalculated free from quartz impurity, allowing sufficient silica to give 8 Si 
atoms per unit cell). 

Staurolite, staurolite- garnet - biotite gneiss, Glen Isla, 


Snelling. 


6 
7 


oo 


, Forfarshire, Scotland (Snelling, 1957), Anal. N. J. 
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Table 73. Staurolite Analyses -— continued 


SiO, 
TiO, 
Al,O, 
Fe,0, 


LFe 


11 


26°97 
0°72 
54°53 
1-12 
11-81 


0°27 
1:91 


2°37 


99°70 


7-459 | 


8-00 


0-541 | ° 
17:235 ] 


0-000 
0-150 
0-232 
0°383 
0-405 
2°730 
0°063 


4°374 


Leo 


r 3°20 


12 13 
29:34 26°93 
0°62 0°55 
52:3 53°35 
0:25 0:90 
13°4 13°90 
0°25 — 
0°13 0°42 
2:0 21 
0:07 — 
1:75 211 
0:04 — 
100°17 100°27 
— 1:747 
— 1-753 
— 1:761 
_ g0° 
— 3°773 
Numbers of ions on the basis of 48 (O, OH) 
8-000 | . 7505 | oan 
0-000 | * 0495 
17°122 ] 17-038 ] 
0:147 0:000 | 
0°130 +18:00  0°116 + 18-00 
0-053 | oe | 
0°548 0:658 
0-280 0:218 
S113 | 3-241 
0:030 + 3°50 0099 +356 
0-052 — | 
0-020 | — J 
3-240 3-922 
79-4 80°1 


79°3 


f Includes Cr 0°439. 


14 


28°14 


11°76 


7-787 |. onan 
0-213] °% 
16°971 ] 
0-105 +18-00/ 
0-485 

0-195 
2720 | 
0:093 + 3-29 
0-286 | 

J 


3:972 


80-2 


15 


27°40 
0°57 
54°77 
2°58 
11°52 


0°21 
1-80 
0:00 
1:55 


100-40 


3-758 


7595 Lo an 
0-405 J°% 
17°503 ] 
0-000 
0-121 +18-16 
0 539 


exo 
3°46 


000 
0: ey 
ey 


7868" 


81-4 


11 Staurolite, St Gotthard, Switzerland (Smith 1968). Anal. C. R. Knowles and J. V. Smith. (Structure 
determined by J. V. Smith; @7-8713, b 16°6204, c 5-6560A, B 90°.) 
12 Staurolite, staurolite- garnet - biotite- muscovite schist, Snow Peak- Mallard Peak area, Idaho (Hietaner, 
10401 finelidac CNN. analucic carractad far Gi. immo urity). 
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pus 


13 Staurolite, garnet- mica schist, Saarikoski, Sodenkyla, Finland (Juurinen, 1956). Anal. A. Juurinen. 
14 Staurolite, amphibolite, Ovala, Gabon (Demange, 1976) (includes Cr2O3 2°00). (H20* 2°15 per cent 


assumed). 


15 Staurolite, staurolite quartzite, Big Rock, Rio Arriba County, New Mexico (Schreyer and Chinner, 1966). 


). 


ama J. H. Scoon (Ga 100, Cr 350, V 100, Li 650, Ni 25, Co 50, Zr 200 p.p.m.) (@ 7°859, b 16°602, c 5°656 


Table 73. Staurolite Analyses - continued 
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16 17 18 19 20 
27°98 28°18 26°60 26°69 29°80 SiO, 
0°59 0°75 0°86 0°56 0°92 Tio, 
53°18 52°98 53°87 54°72 51°34 Al,O, 
_ 2°89 _ _ 1°26 Fe.0, 
13-75 11°16 13°74 14°31 12°67 FeO 
0°75 _— 0°52 0°48 — Z20 
0°04 0:09 0°22 0°21 011 MnO 
1°65 1°60 1°60 1°26 0°62 MgO 
0:27 0-00 tr. _ 1:30 CaO 
1-70 1°78 2°14 1:75 1°56 H,0* 
_ 0°32 — —_ _— H,0" 
100°01 99°83 99-55 99-98 99-58 Total 
1-740 1°743 —_ _— — a 
1:745 1-751 — —_ 1:752 B 
1°751 1:758 _ _— _— Y 
—_ 87° —_ _ _ 2V, 
—_— —_ — — — D 
Numbers of ions or the basis of 48 (O, OH) 
78291... 78471, 7452... 7602]... 8-000] . Si 
0171) °%” 0153] °™ 07548] °™ 0-398] ° —- Jj]°v Al 
17°369)] 17°255 | 17°244)] 17-462] 16°992)] Al 
0-000 0-000 0-000 0-000 0-378 Si 
0-125 + 18°00 0-157 + 18°02 0°181 + 18-00 0-120 + 18-00 0:194 + 18:00 Ti 
—_ | 0-000 | — | — | 0°266 | Fe** 
0°506 0-000 0°575 0°418 0°170 Mg 
0-181 | 0°665 | 0°093 | 0-119 0°090 | Mg 
5-218 | 2°599 3-219 | 3°408 2:°977 Fe** 
0:010 | 3°75% 0-022 + 3-33* 0-052} 3°47 0-050 | 3°68 0°025 | 3:48 Mn 
0°154 | _ | 0-108 | 0-099 | — Za 
0:067 | — J 0-000 | — J 0°391 J Ca 
3°174 3°308 4:000 3-330 2°922 OH 
82°5 82:9 83-0 86°6 92°6 iFe 
s * Includes LiO-12 
* includes Na 0-04 6. 
16 Staurolite, staurolite— garnet — biotite- muscovite schist, Snow Peak- Mallard Peak area, Idaho, USA 


(Hietanen, 1969). Anal. C. O. Ingamells (includes LizO 0.10). 


Hampshire (Green, 1963). Anal. J. Ito (includes Na2O 0.08). 


17 Staurolite, staurolite- garnet - biotite - chlorite- muscovite- quartz schist. 


Errol quadrangle, northern New 


18 Staurolite, associated with quartz, biotite, plagioclase, sillimanite, K-feldspar, cordierite, in migmatized 
semipelite, Portsoy area, northeast Scotland (Ashworth, 1975) (water calculated). 
19 Staurolite, lower sillimanite zone, Oquossoc area, Maine, USA (Guidotti, 1970). 


TEA sp wasn 


aw Staurolite, staurolite- garnet- chioritoid schist, Baikai-Patom Upiands, USSR (Petrov, 1909). 


ible 74. Zincian and cobaltoan Staurolite Analyses 


1 2 3 4 5 6 
2 26-98 28°86 27:77 27:7 27:90 28-64 
O; — 0-88 0°58 0-7 0-73 0°56 
205 54-98 54°46 54°62 51-9 53°49 50°14 
205 — — — — — 0-84 
O 12:37 11:38 11°89 12-2 10°24 7:18 
Yo) — — — — — —_ 
0 2-04 2°31 2:74 4:2 4°70 7:44 
nO 0-09 0-02 0-11 — 0-08 0°16 
0 1-07 0°76 0°89 1:7 1:10 3°44 
0 0-02 — — — — — 
0* 2:15 — 1-39 — — 1-92 
0" — — — ~ — ~ 
tal 99-70 98-67 99°99 98°9 98-24 100-32 
— — — — — 1-739 
— — — — _ 1-745 
— — — — — 1:751 
_— _ _ _ — 90° 
y — 


_ 3-824 








Numbers of ions on the basis of 48 (O, OH) 











7°52) 7°920 | 7°767 | 7°736 | 7°766 | 8:000 
0-479{ 8 —g-o80 F 8° — 9-233 f 8 orga fF 8 = or34f 8 — g.000 fF 8°00 
17-613] 17-540 17-767] 16826] 17318] 16-602] 
: _ 18-00 0-181 L 18-00 0-123 18-00 0-148 L 17-799 0-154 Ly 93 O-118 18-00 
3+ _ | _ | —_— | — | — 0°179 
g 0°387 | 0-279 | 0-110 | 0-709 | 0-457 1-058 | 
g 0-058] 0-033 | 0-468 | 0-000 | 0-000 ] 0°381 | 
nD — — — — — — 
2+ 2-889| ,,. 2:613| ,,, 2716| ,.. 2850] ,.. 2380| ,.. 1°686| ,_, 
n 0-022, 7% 0-005 | vile 0-025 | ro [ wie 0-018 | 790-039 | 707 
1 0-423 0-468 0°566 0-866 0-965 1-586 
0-007 | | | | | 
H 4-006 4-008 2-592 4-008 3-994 3-598 
ncludes Cr O°111. 
ncludes Ni 0-204, 


Zincian staurolite, sillimanite- K-feldspar-plagioclase~cordierite—biotite- garnet ~quartz-bearing migmatized semipelite, Portsoy area, northeast 
(Ashworth, 1975) H2O calculated 

Zincian staurolite, pelite within aureole of the Ardara pluton, County Donegal, Eire (Atkin, 1978) (HO* 2°15% assumed). 

Zincian staurolite, lower sillimanite zone, Qauossoc area, Maine (Guidotti, 1970). 

Zincian staurolite, kyanite- sillimanite-staurolite- corundum-spinel assemblage, Scourie, northwest Scotland (Beach, 1973) (includes Cr203 0 
assumed). 

Zincian staurolite, mica schist Kowdrova, Bohemian massif (Némec, 1978) (H,O* 2-15% assumed). 

Zincian staurolite, with chalcocite and quartz, Cherokee County, Georgia, USA (Juurinen, 1956). 


Lusakite (cobaitoan staurolite) quartz- magnetite-iusakite rock, Lusaka, Zambia (Skeri and Bannister, 1934). Anal. A. W. Groves (includes fh 
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staurolite,, + garnet, = staurolite,, + garnet, (1) 
for which 
Me = (Me yr (Me 2 
KY = RI Gy (2) 
: Nig 

and 

2.2 PT 1... Ms — rv! roi ra St wyGt __ car 
2°3 RT log KM? = Gu + Gee ~ Gee — Gog = AG (3) 
where X,,, = Mg/(Mg + Fe + Mn), K¥# the magnesium partition coefficient, R the 


8g 
gas constant, 7 absolute temperature, G,,, and G,, the partial molar free energies 
of the appropriate phases, and AG is the difference in free energy in reaction 1. 
Temperatures obtained from the staurolite- garnet partition have been used by 


Perchuk (1969) to construct a geothermometer for regionally metamorphosed 
pelites. Using calculated KMeand AG values for 13 staurolite- garnet pairs, he 
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showed that ‘the relationship between KM, AG and temperature (Fig. 335 a) is 
sufficiently precise to serve as a useful indication of equilibrium temperatures in 
staurolite- garnet-bearing schists. The magnesium distribution isotherms for the 
plot log K¥* - (7) are shown in Fig. 335 b. 


Partition data for coexisting staurolite, chloritoid, and garnet cores and rims 
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Fig. 335. (a) Variation of A¥-Fe and AG with temperature for the reaction staurolite,,, + garnet, = 
garnet, + staurolite,,. (b) Magnesium distribution isotherms for garnet - stauroiite (after Perchuk, 
1969). 
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in argillites, phyllites and schists, including kyanite-sillimanite and 
andalusite-sillimanite-bearing assemblages, from 14 localities have been 
presented by Albee (1972). The Mg/Fe ratios were found to decrease in the se- 
quence chloritoid > staurolite > garnet rim > garnet core, with the majority of the 
chloritoid-staurolite pairs having distribution coefficients, Kpai° s,, varying bet- 
ween 1°5 and 1:0 (Fig. 336). For samples plotting outside these limits (Fig. 336, 
field B), staurolite Zn/Fe ratios are considerably higher, and Albee (1968) has 
reported Zn/Fe ratios some 10 to 100 times greater than those in the coexisting 
garnets, biotites and chlorites in the staurolite-garnet-quartz- mica schists of 
west-central Maine. 

The distribution of Fe, Mg and Mn between coexisting staurolite and biotite in 
the pelitic schists of the Grenville metasediments, Fernleigh, southeast Ontario, 
was studied by Hounslow and Moore (1967). The Fe- Mg distribution was found 
to depart slightly from ideality, and to be related to the Mg mole fraction in 
staurolite as expressed by: 


Kp = 5:28 [Mg /Fe™]°"!5 


The partition of Fe and Mg between staurolite and biotite in the schists of the 
Waterville formation, south central Maine has been investigated by Osberg 
(1971), and of the Agout massif, France, by Demange (1978). Analyses for coex- 
isting staurolite, garnet and biotite from the muscovite- chlorite schists, Errol 
quadrangle, northern New Hampshire, are given by Green (1963), for coexisting 
staurolite, biotite and chloritoid by Korikovskiy and Teleshova (1970b), and for 
staurolite, chloritoid, garnet, biotite, muscovite and chlorite by Baltatzis (1979a). 
Other Fe-Mg distribution studies include staurolite- biotite, and staurolite- 
garnet in the sillimanite zone schists of the Oquossoc area, Maine (Guidotti, 
1970), staurolite— biotite and staurolite- garnet (Fig. 337) in schists of the Rin- 
conada Formation, Picuris Range, New Mexico (Holdaway, 1978) and 
staurolite- garnet - biotite (Fig. 338) of the metapelites of Snow Peak, Mallard 
Park area, north of the Idaho batholith (Hietanen, 1969). 
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Fig. 336. Mg-Fe partition for coexisting staurolite- chloritoid pairs in pelitic rocks. Stippled areas: 
A staurolites with normal zinc content; B staurolites with high zinc content (after Albee, 1972). 
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Fig, 337. Mg-Fe partition for coexisting staurolite - biotite pairs (a); staurolite—al ine pairs (b); 
and Mn- Fe partition for coexisting staurolite - almandine pairs (c) in schists of the Rinconada Forma- 
tion, New Mexico (after Holdaway, 1978) 
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Fig. 338. Thompson projection showing compositions of coexisting staurolites, garnets and biotites 
in the metapelites of Snow Peak, north of the Idaho batholith (after Hietanen, 1969). 


The distribution of magnesium between coexisting staurolites, biotites, cor- 
dierites and garnets and bulk rock compositions for some Alpine localities are 
given by Wenk ef¢ al. (1974). Molecular ratios of MgO/FeO for coexisting 
staurolite, garnet cores and rims, muscovite, biotite and chlorite in the 
staurolite- kyanite-bearing pelitic schists of the Esplanade Range, British Colum- 
bia, are given by Ghent (1975). The distribution of chromium between staurolite 
and biotite and the variation of the Fe/(Fe + Mg) ratio in relation to the anor- 
thitic content of the plagioclase in the staurolite- garnet amphibolites of the 
Ogooné series, Ovala, Gabon, have been determined by Demange (1976). 

The thermodynamic mixing properties of the ferrous and magnesium 
staurolite end-members have been derived from an analysis of the compositional 
relationships of coexisting mineral pairs, staurolite, garnet and biotite by Gangu- 


1aA70\N 
ly (1978). 
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Experimental Work 
The first synthesis of iron- staurolite was reported by Coes (1955). Subsequently 


Fe-staurolite was found b Dy Halferdahl (1961) to occur, together with almandine 
and hercynite as a breakdown product of chloritoid at pressures and temperatures 
above 7 kbar and 700°C (see also Grieve and Fawcett, 1974). Equilibrium condi- 
tions for the formation of staurolite + magnetite + quartz + vapour at the 


hematite- magnetite buffer, as a result of the oxidation of chloritoid, have been 


A atawreninnd her OQamnsle: naeA Rlacc tn ws (1OLON fenn rh netaer Am phleestn: w= O02) 
ULC mined by Ganguly and New ton (Li ZFVU0) (SCO Clapler Ol chlor itoid, p. OO). 


The upper temperature stability of Fe-staurolite at pressures up to 10 kbar in 


the presence of excess water and oxygen fugacity of the QFM buffer was deter- 
mined by Richardson (1967, 1968a), who reported a cell content of Si 7°51, Al 
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18°03, Fe 4:01, (OH) 3°83 on the basis of 48 (O, OH) for the synthetic phase. In 
two later investigations, Richardson (1968b,c) determined the stability of 
staurolite + quartz in the magnesium-free Fe- Al-Si-O-H system, the data of 
which are illustrated in the pressure-temperature plots (see Fig. 277, p. 562) for 


the reactions: 


Sete Se ENE e Oe 


Fe-staurolite + quartz = almandine + sillimanite + water (1) 
Fe-staurolite + quartz = Fe-cordierite + sillimanite + water (2) 
49\ 
(9) 
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small amounts of ana amphibole, probably of the ferroantho hyllite- ferrogedrite 
series also occurred as one of the products of the reaction. The relations between 
Fe-staurolite, Fe-cordierite, Fe-chloritoid, almandine, sillimanite and quartz in 
the fluid-saturated system are shown in Fig. 307, (see p. 729) in which the in- 


variant nointe A and R are lIncated at annrovimately 32-5 khar and 6280 °C and 1- 
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kbar and 515 °C respectively. 

The relationships of staurolite-bearing assemblages with compositions in the 
system FeO- Al,03;-SiO.-H.20-O, to total pressure, temperature and oxygen 
fugacity at 10 kbar have been demonstrated by Ganguly (1968) to be strongly 


denendent on the nartial nracecure af avvaen The effact ic narticularly noaticeahle 
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in the upper part of the magnetite stability field at f,, between the HM and NNO 
buffers as illustrated by the equilibria: 


meet as ctr 


ry? 
chloritoid + O2 = staurolite + magnetite + quartz + HO (i) 
chloritoid + quartz’ = staurolite + alm randine +H.,0 (2) 


The solid solution effects of MgO, MnO and CaO on the stability fields of the 

assemblages, as well as the effect of the presence of mica on the stability of 

staurolite, are also discussed by Ganguly. 

Two reactions commonly inferred from the phase and textural relationships 
oboe 
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chlorite + muscovite = staurolite + biotite + quartz + H.0 Q) 
staurolite + muscovite + quartz = Al-silicate + biotite + H,O (2) 


have been studied experimentally by Hoschek (1969). In this investigation starting 
mixtures of natural Fe- and Mg- rich chlorites, muscovite, biotite, staurolite, an- 
dalusite, sillimanite and quartz were used at pressure of 2-7 kbar P,, ,. at oxygen 
fugacities close to the QFM buffer. The phase boundary of reaction 1, for a mix- 
ture with 0°4 Mg/(Mg + Fe) ratio is given by 540°C, 4kbar, and 565°C, 7 kbar. 
For the second reaction, with a starting mixture with the same Mg/(Mg + Fe) 
ratio, the upper stability limit of the staurolite + muscovite + quartz assemblage 
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was found to be defined by the pressure- temperature conditions 575°C, 2 kbar, 
reactions will take place over a temperature interval and not the precise 
temperatures of the 0:4 ratio starting mixtures. 


. . 
m tamnoeratura_ Y (Ra_ Mo) roalat 
A comparison of the temperature- X (Fe- Mg) rel 


at Pio = 
Skbar, for reactions involving staurolite-chlorite- garnet—biotite- muscovite- 
cordierite- quartz, with experimental data and the compositions of coexisting 
phases in rocks from western Maine (Guidotti, 1970, 1974; see paragenesis sec- 
tion, p. 856), showing the transition from staurolite to sillimanite metamorphic 


ity 1 aAhy Th (1074 h\ 
conditions, has been presented and discussed by Thompson (1976a, b). 


Earlier work reported by Ganguly (1968, 1969), Ganguly and Newton (1968), 
Hoschek (1967, 1969) and Richardson (1968a, b, c), on the stability of staurolite, 
together with later experimental and relevant theoretical data, have been combin- 
ed by Ganguly (1972) to formulate a semi-quantitative model of the P-7T-f,, 
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relations for reactions in the system FeOQ- Al,0;-SiO,-H,0-O, relevant to the 


formation of staurolite. The following divariant stable equilibria 
(a) (b) 
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Fig. 339. (a) Pressure-~log fp, diagram showing stability field of staurolite + magnetite + quartz at 
620 °C, and divariant equilibria stable in the presence of excess silica for the reactions: 

(1) 6staurolite + 3 quartz + 2 O, = 27 Al,SiO, + 4 magnetite + 3 H,O 

(2) S4almandine + 6 H,0 + 23 O, = 12 staurolite + 46 magnetite + 114 quartz 

(3) 27 cordierite + 6 H,O + 5 O, = 12 staurolite + 10 magnetite + 87 quartz 

(4) 54almandine + 18 O, = 27 cordierite + 36 magnetite + 27 quartz 

(5) 6cordierite + 20, = 12 andalusite + 4 magnetite + 18 quartz 

Heavy lines, vapour phase pure HO. Light lines, vapour phase 50 per cent HO. (b) Pressure-log f,, 
diagram at 620°C showing probable limits of the solid solution effects on the stability of staurolite. 
Heavy lines, phase relations for pure Fe-staurolite. Light lines, probable limiting magnitudes of the 
solid solution effects in natural parageneses. Oxygen fugacities around the middle of the magnetite 
field (NNO — QFM buffers) (after Ganguly, 1972). 
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6 staurolite + 11 quartz = 4 almandine + 23 Al,SiO; + 3 H.0 

6 staurolite + 3 quartz + 2 O, = 27 Al,SiO; + 4 magnetite + 3 H,O 

54 almandine + 6 H2O + 23 O, = 12 staurolite + 46 magnetite + 114 quartz 
8 almandine + 19 corundum + 3 H,O + 2 O, = 6 staurolite + 4 magnetite 


have been investigated experimentally. The stability field of staurolite + 
magnetite + quartz for the isothermal section at 620°C, in the presence of a pure 
water vapour Phase and a vapour phase consisting of 50 per cent H,0, is il- 
lustrated in the P-/, diagram of Fig. 339a. The field is wedge-shaped ter- 
minating at about 16kbar, and is truncated at approximately 4kbar by the 
assemblage cordierite, magnetite and quartz due to the replacement of the oxida- 


tion equilibria: 
almandine + HO + O,2 = staurolite + magnetite + quartz 
by: 
almandine + O2 = cordierite + magnetite + quartz 
The probable limits of the solid solution effects on the stability of staurolite are 
shown in Fig. 339b. 
The reactions: 


4H2FeAl,SiO, + 5AI,SiO; = 2HFe2Al,Si4O24 + SiO, + 3H,0 (1) 
chloritoid kyanite staurolite quartz 
6HFe, AlySisO 24 + 11SiO, = 4Fe3Al,8i30,2 + 23Al,SiO; + 3H20 (2) 
staurolite quartz almandine kyanite 
23H>2FeAl,SiO7 + 8Si0O, = 4HFe>2Al,Si4O24 + 5Fe3Al.Si3;0;2 + 21H,20 (3) 
chloritoid quartz staurolite almandine 
12HFe2Al Sis,O24 + 23KFe3A1Si30,9(0H)2 + SiO, = 31Fe3Al,Si1;0;2 
staurolite annite quartz almandine 

+ 23KAI3;Si;010(OH)2 + 6H2O (4) 

muscovite 


have been investigated in the general pressure range 6 to 1S kbar at oxygen 
fugacities corresponding to the QFM and NNO buffers (Bhaskar Rao and Johan- 


nes, 1979). The data are illustrated in Fig. 340, and for reactions | and 2 agree 
reasonably well with the earlier results of Hoschek (1967), Richardson (1968c) 
and Ganguly (1972). The pressure- temperature curve for the reaction chloritoid 
+ quartz = staurolite + almandine + vapour intersects those for the first two 
reactions at 590°C, 16kbar, and marks the higher stability pressure of the 


assemblage staurolite + quartz. The reaction staurolite + annite + quartz = = 
vestigation, and the curve shown in Fig. 340c is not precisely delineated. 

Pure magnesium staurolite has been synthesized as part of a study by Schreyer 
(1968) and Schreyer and Seifert (1969) of the MgO - Al, O,-Si0,;-H;0 system at 
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pressures between 8 and 25 kbar and temperatures of 700 to 1000°C. ‘Highest 
yieids occurred in runs from a starting mixture of natural kyanite, synthetic spinel 
and MgO with the composition 4:9:8 MgO: AIl,0;:SiO, at 25kbar and at 


temperatures of 850 to 900°C. Small amounts of enstatite and relic kyanite were 
also present in the synthetic product, and indicate that the anhydrous composi- 
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tion of Mg-staurolite was less ‘siliceous than the 4:9: 8 oxide ratio, and following 
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Fig. 340. (a) Experimental data for the reactions 4 chlioritoid + 5 kyanite = 2 staurolite + quartz + 3 

H,O() 6 staurolite + 11 quartz = 4 almandine + 23 kyanite + 3H,O(II). Horizontal brackets H 
(Hoschek, 1967), R (Richardson, 1968). (b) Experimental data for the reaction 23 chloritoid + 8 SiO, 
= 4 staurolite + 5 almandine + 21H,0 (IID). Circle in (a) and (b), invariant point. (c) Experimen- 
tal data for the reaction 12 staurolite + 23 annite + quartz = 31 almandine + 23 muscovite + vapour 
(IV). The intersection of I'V with the equilibrium curve St + Q = Aim + Sili provides rough estimate 
for reaction St + Mus + Q = Annite + Sill (B - B’). The maximum stability of St + Mus + Q in an 


assemblage including biotite and sillimanite for Mg/(Mg +Fe) ratio of 0-4 (A - A) from Hoschek 
(1969) (after Bhaskar Rao and Johannes, 1979). 


Richardson’s work on Fe-staurolite, Schreyer and Seifert considered that the for- 
mula of Mg-staurolite is best represented by 4MgO.9 Al.0;3.7°5 SiO..2H2O. The 
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under these conditions only at pressures greater than 12 kbar. The stability field 
increases with pressure from a temperature range of about 730- 780°C at 12 kbar 
to 720-975°C at 25kbar. At low temperatures, Mg-staurolite breaks down to 
kyanite + chlorite + corundum, and possibly to kyanite + corundum + yoderite. 
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break down to pyrope at 25 kbar and the change of slope at * 16 kbar may mark 
the incoming of the garnet as a product of the breakdown. Below 16kbar an 
Al-enstatite appears among the products which at lower pressures include 
kyanite, gedrite, corundum, talc and sapphirine. 
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Fig. 341. Pressure-temperature diagram of the stability field of Mg-staurolite (after Schreyer, 


1968). 


Staurolites with higher magnesium contents (Table 73, anal. 1) than are found 


at pressures hetuyeaen XA and IF Lbhar and 


in natural crystals have been crystalliz 
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temperatures of 740 to 760°C from glasses of olivine tholeiite, and K-rich olivine 
‘tholeiite’ compositions, with Swt. per cent H.O (Hellman and Green, 1979). 
Although reversal experiments were not attempted, the staurolites are believed to 
be stable. This view is supported by their crystallization under the P- 7 condi- 
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periments by Schreyer (1968). In addition the conditions are also consistent with 
the stability of Fe-staurolite extrapolated to higher pressure than those used by 
Richardson (1967). 
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Optical and Physical Properties 


Corresponding with the relatively minor differences in chemical composition, fer- 
roan staurolites show only smail variations in their optical properties. The deter- 
mination of the a-refractive index of 115 staurolites (Juurinen, 1956) showed that 
all but two are included in the range 1:739-1-°747 (for the two exceptions a is 


1:748 and 1°749 respectively; see also anal. 8, Table 73). Juurinen considered that 
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both the refractive indices and the density vary linearly with the = Fe unit-cell 
content (Fig. 342). Some discrepancies, however, are apparent but the view that 
the high refractive indices of the staurolite from Glen Urquhart (anal. 4) are 
related to the titanium content does not appear to be tenable in view of the 
amount of titanium present in the staurolites from Glen Cova and Glen Isla 
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(anals. 9, 10). The refractive indices of synthetic Mg- staurolite are given by 
Schreyer and Seifert (1969) as a 1-703, y 1:710 and do not differ substantially 
from the values for the magnesium end-member extrapolated from Juurinen’s 


data. Pleochroism, from yellow to colourless with absorption y>f>a, shows little 
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Fig. 342. Variation of the optical properties with unit-cell Fe content in staurolite (after Griffen and 
Ribbe, 1973). 
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7) is, however, distinctive with a cobalt blue, # violet blue, y violet. 
The positive optic axial angle shows little variation and in most staurolites 

ranges from 86° to 89°. An optically negative variety has, however, been 


reported by Drysdale and Stillman (1963). The mineral occurs in heavy mineral 


ntrata af Unner Kea rranar areannec cadimante in tha I uanewa Valle Ta 
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bia. Grains lying on the {010} cleavage face yield a near-centred acute bisectrix 
figure with 2Va = 88°, show normal pleochroism and have a 1:739, f 1:744, y 
1:749, 

Zoning in staurolite is not infrequent, and sometimes takes the form of sector 
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ment in iron, @ 1°5 mol. per cent, in the staurolites of the pelitic schists of the 
Riconada formation, New Mexico (Holdaway, 1978). A study of sector zoning in 
staurolite of the schists of the Kwoiek area, British Columbia, has been described 
by Hollister and Bence (1967). The sectors, the boundaries of which are defined 
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(010), (110) and (001) illustrated diagrammatically in Fig. 343. As designated by 
the zone axis symbol the crystals display two symmetric [001], two [010] and four 
[110] sectors. The [010] and [110] sectors show little compositional variation, but 
have considerably higher Si and lower Al contents than the [001] sector (Table 
7&\ 
iD). 

In a further study of these sector-zoned staurolites, Hollister (1970) suggested 
that the zoning is the result of the interrelations of the chemical equilibrium be- 
tween surfaces, growth rate and diffusion rates normal to the surface layers. He 
concluded that strong sector zoning in staurolite is most likely to develop when 
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tha h 
tne growin rate is greater inan tne Girrusion races perpenaicuiar to ii. Bivwenl 


layers, and weak sector zoning when the growth rate is either equal to, or slower 
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Fig. 343. (a) Schematic drawing illustrating geometry of sector zoning in staurolite; numbers 1-3 
refer to approximate positions of thin-sections shown in (b) (after Hollister and Rench, 1967. (b) 


Three cross-sections of (a). 


than, the diffusion rate. The chemical variations between sectors are discussed on 
the basis of the two-dimensional atomic arrangement of the growing surfaces, 
and in particular to the greater probability that there is a preferential substitution 


of 3 Al, for (2si + A) on (001), that leads to the greater content of Al observed on 


Table 75. Composition variation in sector-zoned staurolite (Hollister, 1970) 





SiO, 25°63 27°53 27°58 

TiO, 0°33 0-72 0°42 

Al,O; 56°83 54-30 54°69 

MgO 2-01 2:27 2:24 

FeO 13-65 13-64 13°50 

MnO 0°21 0-18 0-18 

ZnO 0°25 0-25 0-25 

H,O 1-03 1:07 1-09 

Number of cations to 48 (O) 

Si 7:22 ¢. 7:74 7:74 

Al 0-7 & 0.26 | 8:00 ost 8:00 
Al 18°10] al 17°84 

Ti 0-07 | 18°24 0°15 + 18-03 0-09 +18-02 
Mg 0:07 0-15 | 0-09 | 

Mg 0:77] 0-80) 0°85] 

Fe 3:22| |. 321 3:17 

Mn dost 4:09 at 4:10 xt al 
Zn 0-05 | 0:05 | 0°05 | 

H 1-95 2-01 2:05 
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The twinning of staurolite was studied by Hurst et a. (1956), who noted that 


because of the very slight departure of staurolite from monoclinic symmetry, i 

could undergo ‘twinning by high order merohedry’ and give rise to penetration 
twins on (001) or (100), simulating an orthorhombic crystal. For the well-known 
90° cross interpenetration twin, they showed that the twin laws of 90° rotation 


about [100] and 180° rotation about [013] apply more strictly than the usually 
stated (031) reflection twin. Similarly, for the 60° cross, 120° about [102] and 
180° about [313] are applicable rather than the (231) reflection twin. 

Staurolite often occurs in well formed porphyroblasts, and was included by 
Becke in the first group of his empirical crystalloblastic series. Crystals are 
prismatic in habit and show six-sided basal sections with the forms { 110} and 
{010}. Inclusions, particularly of quartz, are very common, and the mineral fre- 
quently has a sponge-like appearance. The inclusion pattern in the staurolites of 
the Bankura District, India (Ghosh, 1970) have been correlated with the various 
stages of crystal growth. Here during an initial static stage the graphite matrix 


was expelled along the four corners of the rhomb, and the central parts of the 
crystals are free of inclusions, and was followed by a more rapid growth resulting 
in the incorporation of folded trails of graphite that record the later synkinematic 


growth of the staurolite. 


Oriented inclusions of staurolite, showing the forms {010}, {110}, {10 
Oo 


three different planes of attachment to {001} f muscovite have been d 
Frondei (1940). Seventy-five per cent of the inclusions are oriented 
parallel to {001} of the mica. 
Staurolite sometimes occurs in parallel growth with kyanite, with the (010) 
plane of staurolite parallel to the (100) plane of kyanite (Fig. 344). 


Although bent and rotated porphyroblasts are not infrequent, the crystalliza- 
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tion of staurolite occurs Most commonly during the late or posi- deformational 
and annealing periods of metamorphism, e.g. in the Dalradian metasediments of 
Blacksod Bay, Co. Mayo, Ireland (Max, 1973). In other areas, such as the 


Morlaix region, western Britanny, France, the staurolite porphyroblasts began to 
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crystallize syntectonically but with most of the growth taking place i in the post- 
kinematic period (Cabanis and Fabriés, 1972; see also Kamineni e7 a/., 1979) 
Pretectonic porphyroblasts of staurolite, containing randomly oriented inclu- 


sions around which a slaty cleavage developed, have been described from the 








Fig. 344. Parallel growth of staurolite and kyanite. 
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metapelites of the central Pyrenees (Zwart, 1960), and similar evidence of pretec- 
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Range, South Australia (Fleming and Offler, 1968). 

In some staurolite schists two periods of growth are indicated. In the 
metapelites of the Kishtwar area, Jammu and Kashmir State, India, the main 
staurolite development occurred after the first phase of the deformation, that was 
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tonically during a second metamorphic episode (Das, 1978). Two generations of 
staurolite, associated with two separate deformational events in the Hesadi an- 
tiform of the Singhbhum orogenic blelt, eastern India, have been described by 
Sarkar and Bhattarcharyya (1978). The first consists of syntectonically deformed 
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developed across the schistosity. 

The staurolite fabric in the Dalradian metapelites of Banffshire (Johnson, 
1962) shows that its formation first occurred, as shown by the passage without 
deflection of the matrix through the porphyroblasts, after the development of the 


itial chiectacityu Thea nd wind af m ati eryctallizati dawiri 
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which the crystals of staurolite formed roughly parallel to microfolds resulting 
from a subsequent period of deformation, and were later distorted and ruptured 
by the final episode of the regional metamorphism. 

In the metapelites of the Bardu and Dividalen area, Troms, Norway (Gustav- 
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which commonly follow the limbs and curves of microfolds. All parts of the 
crystal, however, display straight extinction, and the habit is thus not due to bend- 
ing subsequent to crystallization, or to rotation during crystal growth. Here the 
formation of the staurolite is not syntectonic but mimetic in which crystallization 
took place under the influence of the stress field of the pre-existing micros 
ture. 

In metapelites located in contact aureoles the porphyroblastic staurolite com- 
monly overprints the regional metamorphic fabric, as demonstrated by the 
preservation of kink folds within the crystals in the rocks of the Elephant Moun- 
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district, British Columbia, staurolite containing rotated inclusions displaying a 
high angle to the foliation are present in the regionally metamorphosed 
semipelites, in contrast to their alignment parallel with the foliation in the 
staurolite of the schists within the contact aureole (Reesor, 1973). 
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of the metapelites of the Kwoiek area, British Columbia has been noted by 
Hollister (1969). In the andalusite-bearing rocks, staurolite occurs as © 1‘0mm 
euhedral crystals with a chiastolite-like pattern of inclusions while in those of the 


kyanite zone the staurolite displays an epitaxial relation with kyanite, and is 
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usually anhedral, grains, the lack of optical continuity between adjacent crystals 
of which indicates that the small grains are not remnants of the larger sector 
zoned staurolite of the lower grade rocks. 

Measurements of [001] and (010) and (110) poles in staurolites of the schists 


Ffeam thea Tubmanier Qayitearland have ha ranartand he Trammedarff 
divi the LUALLIALLIVL pass, owitzZeriana, llave oeen ‘+p Wu VY LIVILLOUUItit 


(1964). The orientation patterns are interpreted by comparison with the fabric of 
the matrix quartz and of the quartz inclusions in the staurolite, and are similar to 
the belteroporic fabrics of hornblende and kyanite. 

Infrared spectra with polarized light from oriented plates of staurolite and the 
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visible and near infrared reflection spectrum of a staurolite from Fannin County, 
Georgia, are given by Isetti and Penco (1969) and Hunt ef a/. (1973), respectively. 


Distinguishing Features 


The colourless to golden yellow pleochroism, straight extinction, high re- 
fringence, and moderate birefringence generally are sufficiently characteristic to 
distinguish staurolite from other minerals having a yellow colour in thin section: 
vesuvianite has lower birefringence (often anomalous). Melanite garnet is 


A hiref, nd + 
isotropic, and fayalite has higher refringence and birefringence, and a negative 


optic sign; both also have a paragenesis different from staurolite. The optic axial 
angie of monazite is very small, and the mineral has higher refractive indices and 
birefringence. Iron-rich epidote, except in sections parallel to (001), shows obli- 
que extinction, is optically negative and the # and y pleochroic colours are 


uy 
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Paragenesis 


Staurolite is a common product of regional metamorphism, and is particularly 
characteristic of medium grade schists derived from argillaceous sediments. In 
such mica schists, staurolite is associated particularly with almandine garnet, 
muscovite, biotite, kyanite and quartz. Staurolite is formed also at a somewhat 
lower grade of regional metamorphism, and in this paragenesis is frequently 
associated with chloritoid. In this lower temperature of the amphibolite facies the 
two minerals often show an antipathetic relationship one to the other, the amount 
of chloritoid decreasing and that of staurolite increasing with increasing grade of 
metamorphism. Staurolite may occur in some higher grade metamorphosed 
pelitic rocks, and is not uncommon in the lower part of the sillimanite zone. It 
also occurs in assemblages that include andalusite and cordierite and have 
equilibrated at high temperatures and lower pressure. The formation of staurolite 
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in such a wide variety of assemblages is a reflection of its response to initial bulk 
composition of the metasediment, to differences in total pressure as well as the 
partial pressures of HO and O,, and to temperature. Staurolite-bearing rocks are 
commonly rich in alumina, and the formation of staurolite is commonly 


restricted to a specific range of bulk rock composition as illustrated (see Fig. 366, 
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p 891) in the triangular diagrams, Al,0;~(K,Na)2O-(Fe,Mg)O, Al,03- 
FeO-MgO and AI,0;-(Mg,Fe)O-CaO (Hoschek, 1967). The formation of 
staurolite, however, is not confined to argillaceous bulk compositions and, pro- 
vided local concentrations of appropriate composition are present, staurolite may 
occur in more silica-rich rocks, e.g. quartzofeldspathic schists (Wallace, 1975). 
The silica and alumina content of 34 staurolite-bearing rocks examined by 
Juurinen (1956) ranges from 28°i to 90°4 per cent and 4°i to 42°5 per cent respec- 
tively. 


The variation in staurolite composition, expressed in terms of the ferruginosity 
(Fe?* + Mn+ Fe**)/(Fe?* + Mn + Fe?* + Mg) has been studied by Kepezhinskas 


g) has been studied 
and Korolyuk (1973). Their data (Table 76) show that the more iron-rich 
staurolites have generally developed under andalusite- rather than kyanite- 
producing metamorphic environments. 
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Table 76. The variation of staurolite ferruginosity with mineral association and metamorphic 


Mracenra tuna (aftar KManavhincbac anda KaralenkL 1072) 
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Range analyses 
Biotite Kyanite 69°1-87°1 789 37 
Andalusite 76°4-88°3 84:2 29 
Garnet + biotite Kyanite 69°5-87°1 79°9 34 
Anidalusite 76°5-88°0 84°4 19 
Chloritoid Ryan 92°6-95°8 94:3 4 
mdaliecie eo14.0 O€.7 OA. 4 
Andalusi OO O-0) i or 7 J 
Andalusite + biotite Kyanite 69°5-80°8 775 8 
AnAnalucita oL.f\_ oa. o7.7 in 
AnNGaUSI Ww ov Vv-OoOo0 UD Ors iv 
Andalusite + biotite Kyanite 69°1-81-9 78:0 10 
+ chinritoa AndAalnucita en-h_ 21.2 2n.aQ 2 
ed ANGaUSI Ww ov vu oLs ovo J 
Chlorite Kyanite 74-3-81°4 77°33 4 
Andalusite 76° 5-85:-7 82:3 8 


A number of reactions have been proposed to account for the development of 
staurolite at the iower temperature limits of its stability field. These include: 
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WELIAWLIbviu sil Wyualr a4 OSLaAULVIILY FF ear EINE F AEQNT \o) 
chloritoid + (andalusite/kyanite) = staurolite + quartz + H,0 (3) 
Fe-chlorite + kaolinite = staurolite + Mg-chlorite + H,0 (4) 


the first three of which have been demonstrated experimentally (Hoschek, 1967, 


1969; Ganguly, 1968). The breakdown of staurolite during progressive metamor- 
thed fa a Chin. 
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ner, 1965; Guidotti, 1968) to the reactions: 
staurolite + muscovite + quartz = Al-silicate + biotite + H,O (1) 
staurolite + quartz = Al-silicate + garnet + H,O (2) 


the first representing a lower, and the second a higher pressure reaction; both 


reactions have heen demonstrated exnerimentallyv (Haschek 1969). 
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A petrogenetic grid for middle-temperature metapelites, deduced theoretically 
on the basis of the concentration diagrams for the system SiOQ2- 
Al,O;- Fe.03;-FeO-MgO-CaO-Na.O-K,0-H.20, has been presented by 
Kepezhinskas and Khlestov (1977). The grid includes the staurolite-bearing sub- 
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aAaQeilvyo AVIVA IGHYY, Waiwltiltwe ' APRLAUOYY VIL ' wyuar ae ' &eu aawly NJ Usite , ALAM TALY 


(sillimanite) + muscovite + quartz, kyanite + biotite + muscovite + quartz and 
biotite + muscovite + garnet + quartz. References to previously proposed 
petrogenetic grids for metapelites are given by Kepezhinskas and Khlestov (see 
also Fed’kin, 1970). 


Lower grade assemblages. In the Picuris Mountains, New Mexico, chloritoid - 
Al-silicate assemblages in the Ortega formation occur in juxtaposition with 
staurolite-almandine assemblages of the Rinconada formation (Holdaway, 
1978). Pelitic enclaves, rich in Al, Fe and K, in the quartzites of the Ortega for- 


ati have developed Various acenciationce of Al_ silicate, chla ritoid and 
mation nave aeve:iopea various associauons faa-Siil Cmoritol and 


hematite, and as shown by the textures and relative abundances of the Al-silicates 
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the early metamorphism began in the kyanite, passed through the andalusite and 
localiy reached the siliimanite stability field. The adjacent schists of the Rin- 
conada formation contain chloritoid and staurolite with biotite or andalusite. 
The main Rinconada schist assemblage consists of staurolite (Fes ,—Feg.«)- biotite 


(Fe.,—Fe,,)-almandine (Fes;-Fes,)—muscovite—auartz—ilmenite-— graphite The 
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equilibration temperatures of the assemblage, derived from the distribution 
Mg-Fe between coexisting staurolite-biotite, staurolite-aimandine and 
biotite-almandine pairs (see p. 832) is estimated to be 530 °C using Thompson’s 
(1976a), or 550°C from Holdaway and Lee’s (1977) geothermometer respectively. 


The Rinconada schist is locally enriched in manganese and in these rocks the 
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assemblage consists of staurolite, Fego-Fes2, containing 4°5 mol. per cent 
Mn, -andaiusite-biotite, Fe3;., and variable amounts of Mn-rich garnet, 
Fe/(Fe+Mg) 0:75-0:88, with 31-39 mol. per cent spessartine. AFM projections 
of the mineral assemblages for the three lithologies are shown in Fig. 345 and are 


interpreted by Holdaway on the basis of the topological changes involved in pro- 
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gressive metamorphism ‘where the chlorite- almandine tie-line is broken early in 
the sequence. Thus in Fig. 346 the Ortega quartzite represents stage a or b, the 
pelitic enclaves c and e, while the main Rinconada and the manganese-rich schists 


reached stage g and h respectively. 
The nressure- temperature environment of the metamorphism i 
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§ 

as “ “My 
Holdaway i in relation to the experimentally determine hloritoid and staurolite 
equilibria: 


hich it can be inferred that 


These relationships are illustrated in Fig. 347 from which it 
low 539°C, the main Rinconada 
at = 53 


the Ortega quartzite assemblage equilibrated be 

‘ . y» 20 °C Tf tha trial 
schists above 526 °C and the Al-Mn- rich schists IIL - il tne actual 
mineral compositions and the effect of graphite on the fluid composition are 
taken into account it is likely that all three assemblages equilibrated at 532 + 
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Fig. 345. AFM projections of mineral assemblages, : showing the most Fe-rich and Mg-rich associa- 


tions in (a) Ortega quarizite, pelitic enclave sown by broken lines. (b) Rinconada schist. (c ) Nil 


conada Al-Mn-schist (after Holdaway, 1978). Al- Sil = aluminium silicate. 
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Fig. 346. AFM projections of the mineral assemblages, illustrating the topology changes during pro- 
gressive metamorphism in the Ortega quartzite and Rinconada schists when the almandine - chlorite 
join is broken early (after Holdaway, 1978). 
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Fig. 347. P,,  -T diagram of experimentally determined Al-silicate and Fe-end-member 
equilibrium for the reactions chloritoid + Al-silicate = staurolite + quartz + H,O, chioritoid + quartz 
= staurolite + aimandine + H,O, and staurolite + quartz = aimandine + sillimanite + H,O. Data 
from Ganguly (1969), Richardson (1968) (after Holdaway, 1978). 
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20°C and 3:7 kbar with Py.o/Proa about 0°88 or less in the Rinconada schists and 
close to 1:0 in the Ortega quartzites. 

The formation of staurolite by the reaction chlorite + almandine + muscovite 
= staurolite + biotite + quartz + water marks the lower boundary of the 


hiotit t olit th Tit; k f th : 
biotite-staurolite zone in the pelitic rocks of the Snow Lake area, Manitoba 


(Froese and Gasparrini, 1975). Staurolite is also present in some sulphide (pyrite, 
pyrrhotite)-bearing pelitic schists of the region. In these rocks, Hutcheon (1979) 
has shown that the zinc content of the staurolite is related to fugacity of sulphur, 
and that the mineral contains less iron and more zinc (up to 5:2 wt.% ZnO) in 
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348). 

A suite of chloritoid- staurolite-bearing assemblages from the metapelites of 
the McKim formation close to the base of the Huronian sequence in the Agnew 
Lake area, Ontario, have been described by Fox (1971). In addition to chloritoid 


nal ot lat hI at dal: at a 
and staurolite, chlorite, andalusite, muscovite and plagioclase are present in some 


of the assemblages. A Schreinemaker’s grid is used to explain the assemblage, 
chloritoid, staurolite, chlorite and andalusite that is referred to the curve for the 
schematic reaction: 


chloritoid + andalusite = staurolite + chlorite 


Analytical data for coexisting staurolite, chloritoid, chlorite (Fig. 349), an- 
dalusite, ilmenite and rutile have been used to compute the ‘real’ reaction, that is 
given by Fox as: 


1-559 chloritoid + 5:000 andalusite + 0°009 rutile + 0°058 ilmenite = 0°881 
staurolite + 0°039 chlorite + 1°366 quartz + 1:040H20 


In this reaction, chlorite is considered to be a prograde phase, and is thus regard- 
ed as marking a staurolite-chlorite isograd. The staurolites contain variable 


amounts of zinc (0°49- 2°64 wt.% ZnO). 
Considerable variations occur in lower temperature assemblages in which 
staurolite and/or chloritoid are present. In the area of the Lukmanier Pass, 


Switzerland, Fox (1975) has mapped three-dimensional isograds characterized by 


Al;0;-3K,0 
/\ 
\.. 
¢ staurolite 


iotite \ 
Fig. 348. Compositions of coexisting staurolite, chlorite and biotite in muscovite- quartz-bearing 


pelitic rocks, Anderson Lake and Stall Lake area, Manitoba, Canada. Continuous lines, pyrite- 
bearing assemblages; broken lines, pyrite - pyrrhotite-bearing assemblages (after Hutcheon, 1979). 
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Fig. 349. Parallel Thompson projection of coexisting staurolite, chloritoid and chlorite in 
metapelites of the McKim formation, Agnew Lake, Ontario (after Fox, 1971). 
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the development of successive assemblages consisti ing of chloritoid + chlorite + 
kyanite; staurolite + chloritoid + chlorite + kyanite; staurolite + chloritoid + 
chlorite + biotite + kyanite and staurolite + chlorite + biotite + garnet + kyanite 
that are correlated with increasing pressure. The petrographic phase relationships 
displayed by the assemblages indicate that the zone boundaries are consistent 


axzrat 4h. oomissariamt an 


with the UlNValldallt equilibria: 


chlaritaid + Lvyvanitea = ctaurnite + chinrite + anart7z + 0) ty 
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chloritoid + chlorite + muscovite = staurolite + biotite + quartz + H,O (2) 
chloritoid + muscovite + quartz = staurolite + garnet + biotite + H.O (3) 


The formation of staurolite (Table 73, anal. 5) according to reaction 2 also occurs 
in the Keuper clays with increasing regional alpine metamorphism in the 
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blages in the metapelites of the Austrian part of the eastern Alps have been 
described by Cadaj (1973) and by Hoernes (1973). 
In the Glen Esk- Stonehaven region, northeast Scotland, staurolite occurs in 


the successive assemblages chloritoid- muscovite-chlorite- biotite, muscovite ~ 


chlarite_ hintite nda muernuitea_ agarnat—_hintitea Thace higher aradea accamhlagec 
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are preceded by lower grade associations containing chloritoid and muscovite 
with chlorite, biotite and garnet, and here the development of the staurolite is 
considered (Chinner, 1967) to result from the reaction: 


muscovite + chlorite + chloritoid + quartz > staurolite + biotite + H,0 


In bulk compositions poor in potassium, garnet is probably an additional product 
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of the reaction and leads to the common staurolite zone association, 
staurolite- biotite - garnet- muscovite- plagiociase- quartz. This association has 
also been noted in the more iron-rich metapelites of eastern Scotland by Baltatzis 
(1979a,b) who also recorded the presence of chloritoid with staurolite, biotite and 


carnet resulting from its incomplete elimination by the reaction: 


be Wi he hess AA WAAL ALU sAdw ssi pit WARBRARRAGALEWASL wy 
23FeAI,SiO,(OH), + 8SIO, = 4Fe,Al,Si,022(OH), + 5Fe3Al,Si;0,2 + 21H20 
chloritoid staurolite garnet 


The reaction sequence between the chloritoid and staurolite zones is summarized 
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Staurolite—chloritoid- muscovite-biotite- garnet + plagioclase and stau- 
rolite- muscovite - biotite- garnet (or kyanite) + plagioclase assemblages are pres- 
ent in the graphitic mica schists of the Blair Atholl region, central Perthshire. In 
the latter assemblage aggregates of white mica, biotite and staurolite appear to 
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Smith (1979) have suggested that the aggregates may have resulted from the reac- 
tion: 


~*~ 1 “25 Moa _ mm rercjplinr 1 N° IN ~ A nte ~~ bts a def ata 1 3TrY 
7 chloritoid + muscovite + SiO, = 4 staurolite + biotite + 3H.0 
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lower when muscovite is involved, compared with the direct growth of staurolite 


from chloritoid. 
In the pelitic schists of the Sini district, Singhbhum, India the stau- 
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(c) (d) 
Fig. 350. Thompson projection illustrating the sequence of the relevant reactions occurring between 
the chioritoid (ieft) and stauroiite (right) zones in the Stonehaven coast section (after Baitatzis, 
1979a). Gt, garnet; Bi, biotite. 
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rolite- biotite isograd (Lal and Singh, 1978) is defined by the reaction: 


chlorite + muscovite, + almandine = staurolite + biotite + quartz + muscovite, + 


mW 


3 
oa 
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thre sillimanite- almandine- biotite zone of ‘the Sini : area, have also been reporte 

by Lal and Ackermand (1979). The staurolite, chloritoid and garnet appear to 
form an equilibrium assemblage that probably developed during a syn-orogenic 
or post- “orogenic phase of metamorphism, the P-7 conditions of which are 
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such an assemblage is considered to be related to the high Fe/Mg ratios of the 
bulk compositions and to the restricted temperature range of chloritoid in the 
sillimanite field. 
The formation of staurolite in the metapelites of the Great Smoky Mountains, 
fF: . 
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muscovite + chlorite = staurolite + biotite + quartz + H,O 

has been described by Allen and Ragland ( 1972). Staurolite, associated with 

quartz, microcline and pla gioclase, also occurs i in the meta-arkoses of this area. 
Th. aA etarenlitan an emehinse VT Tene ne Dentnewnenin anA T nessrne 


Lille presence of Sstauroiite and chlor itoid, in the Uppel rrotei OzOiCc and Lowe! 
Palaeozoic almandine-kyanite schists of the Baikal-Patom Uplands (Petrov, 
1969) is restricted to those metapelites that are either rich in FeO or in FeO + 
Al2O3, and in which the limiting FeO/MgO ratios of the bulk rock compositions 
for staurolite and chloritoid are 2°10 and 1°37 respectively. No reaction relation- 
ship is shown by the two minerals but the amount of staurolite present increases 
and that of chloritoid decreases with increasing temperature of equilibration. 

A staurolite-chlorite- muscovite assemblage, located between lower tempera- 
ture staurolite-chlorite and chloritoid-phyllite, and a higher temperature 
staurolite-kyanite (andalusite)—- biotite- muscovite facies, in the potash-rich 
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skiy and Teleshova (1970b). Rising temperature in the staurolite-chlorite- 
muscovite subfacies was accompanied by an increasing content of magnesium in 
the staurolite and by the gradual dissociation of the chlorite to staurolite + biotite 
+ more magnesium-rich chlorite. 
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ina eau Lite wilh sty WEAVE LEWIN WEE 


nite- magnetite assemblage is present in n the rocks of the staurolite zone o 
metapelites at Kandra, Bihar, India (Chakraborty and Sen, 1967). The staurolite 
is thought to have developed from chloritoid as there is very little prograde 
chlorite in the preceding garnet zone. Chloritoid- staurolite- kyanite assemblages 


in the motanslitac af the Pennine nanne Adnula and Simann are rannrtedn hy 
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Klein (1976). 


Medium grade (Barrovian-type) assemblages. Staurolite is the characteristic 
mineral in medium-grade metamorphosed pelitic sediments. In these rocks it is 


* . . 
cammonly acenciated with almandina garnat and buanita an accamhiagea that ic 
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typical of the so-called Barrovian-type metamorphic terrains, in which high- 

pressure conditions have prevailed as indicated by the location of the upper 

stability limit of staurolite in the kyanite field. In other medium grade 

metapelites, staurolite is associated with cordierite and andalusite or sillimanite. 
artotin 
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2’aso assemoiage iS Cnaracteristic or tne Buchan-type metamorphism, in wrica 


staurolite becomes unstable in the andalusite-cordierite P- 7 field although it 
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may persist in the lower part of the sillimanite zone. The two types of regional 
metamorphism are mainly the result of the difference in the pressures active dur- 
ing the metamorphism, higher in the Barrovian, lower in the Buchan. 

The stability of these two contrasted staurolite associations, in relation to the 
pressure and temperature of the metamorphism in both muscovite-bearing and 
muscovite-free metapelites, has been discussed by Korikovskiy (1969). The effect 
of the active mechanical injection of magma at relatively shallow depths and its 
effect on the development of staurolite and the Al,SiO; polymorphs (Fig. 351) 
has been considered by Reverdatto and Slobodskoy (1969). 

The association of staurolite and garnet in the absence of chloritoid and 
kyanite occurs most commonly in those regionally metamorphosed areas in which 
both lower and higher grade assemblages are also present. In others, however, the 
association may be the only representative of the pressure- temperature regime as 
in the staurolite- garnet- mica schists of the eastern Alps, Austria, described by 
Cadaj (1973). 

The status of staurolite in the lower part of the kyanite zone in the Glen Cova 
area, Angus, Scotland, has been considered by Chinner (1965); see also Chinner 
(1980). In these staurolite- garnet - biotite- muscovite- plagioclase- quartz schists 
the kyanite producing reaction, in which the aluminosilicate is mainly derived 
from staurolite, is accompanied by a change in the composition of the staurolite 
(and biotite) as the result of successive reactions of the type: 


staurolite (1) + biotite (1) + muscovite + quartz = staurolite (2) + biotite (2) + 
kyanite + H,0 


in which staurolite (1) and biotite (1) have higher Mg/Fe ratios than staurolite (2) 
and biotite (2) respectively. The reaction staurolite + quartz = garnet + kyanite, 
sometimes considered to account for the disappearance of staurolite with increas- 
ing metamorphic grade, is discounted on the grounds that staurolite is consumed 
by reactions with other phases prior to it becoming incompatible with quartz. 

In the Kishtwar district, Jammu and Kashmir State India, medium grade 
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Fig. 351. Diagram illustrating the compositional features of mineral parageneses, and the variation 
of pressure and temperature at contacts of granitoid plutons formed by active mechanical injection. 
Gradient (1) Prius. > Pyind gradient (2) P,,.,., © P.,.,- Shaded area, stability field of staurolite— 


quartz. Broken lines, temperature at the intrusive contact (after Reverdatto and Slobodskoy, 1969). 
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metapelites in the almandine-staurolite, and kyanite-staurolite zones consist of 
the assemblages staurolite- garnet-biotite- muscovite- magnetite- quartz, and 
staurolite- garnet - kyanite-— biotite- muscovite - quartz respectively. Chloritoid is 
not present in any of the rocks of the metamorphic sequence, and the primary 
chlorite present in the lower grade greenschist assemblage was entirely consumed 


prior to “the development of the biotite- almandine zone, i.e. well before the 
pressure - temperature conditions of the staurolite isograd were reached (Das, 
1978). The absence of both chlorite and chloritoid, together with the textural 
evidence of an apparent replacement relationship between muscovite and 
staurolite and the growth of the latter around inclusions of magnetite and 
muscovite, suggests that here the development of staurolite was due to the reac- 


tion: 


1974). The two phases occur in gneissose assernblages that commonly include 
sillimanite and fibrolite and more rarely kyanite and andalusite or all three 
aluminosilicate polymorphs. In the lower grade rocks the staurolite is reported to 


have orthorhombic symmetry and a superstructural monoclinic symmetry where 


it is present in rocks close to the sillimanite zone. The association of staurolite 
with cordierite is not observed in the metapelites of the Bergeil Aips or in this 
fine-grained metapelitic gneiss of the Valle Grosina formation of the central Alps 
(Bianchi Potenza et a/., 1978), in contrast to its occurrence with cordierite and 


kyanite in the central Lepontine (Wenk, 1968), and its presence with andalusite 


and cordierite in the Adamello Alps (Justin-Visentin and Zanettin, 1968). 
The reactions: 


chiorite + muscovite + garnet = staurolite + biotite + quartz + H20 (i) 
chlorite + muscovite + staurolite + quartz = kyanite + biotite + H,O0 (2) 
staurolite + muscovite + quartz = sillimanite + carnet + biotite +H-O 2) 
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A __ staurolite- garnet-kyanite- biotite. muscovite- quartz- plagioclase as- 
semblage in the metamorphosed Hercynian pelitic sediments of the Rehamna 
region, Morocco, have been described by Michard (1968), and a similar 
assemblage occurs in the metapelites of Leros Island, Greece (Katagas and Sa- 


yD), from ‘Kishungarh, “Aimer District, India Lal and Shakin 1970), ‘from the 
Vorspessart area, West Germany (Matthes and Okrusch, 1974), and from the 
Kootenay area, and the Esplanade Range, British Columbia (Reesor, 1973), and 


Ghent (1975) respectively. COL EO OOO 
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Schreyer and Chinner (1966) and Gresens (1972) have described the staurolite 
bands that occur within the kyanite- muscovite quartzite at Big Rock, Rio Arriba 
County, New Mexico. The bands consist essentially of staurolite, quartz and 
magnetite; some chloritoid is also present the grains of which (up to 0°15 mm) oc- 


cur in small crystals that commonly show identical optical orientation. The 


staurolite has a three- zoned str ucture, and consists of an inner core with finger- 
like inclusions of quartz radiating outwards from a centre, an intermediate zone 
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free of inclusions, and an outer zone showing an irregular sieve texture that ap- 
pears to have developed by the growth of staurolite along the grain boundaries of 
the surrounding quartz mosaic. The main part of the staurolite quartzite band is 
separated from the kyanite quartzite by a fine-grained margin that contains more 
muscovite and in which the staurolite displays an extreme sieve texture. Quartz 
pseudomorphs are also present and probably originated by the replacement of 
chloritoid, although the latter persists in very small amount and appears to be in 
equilibrium with the staurolite. At the immediate contact with the kyanite quart- 
zite, staurolite is little more than a minor constituent (5°5 compared with 29-7 
vol.% at 0°5 m from the contact; quartz varies antipathetically from 70°1 to 52°7 
vol. %). 

The origin of the mineral assemblage and texture of the staurolite quartzite is 
uncertain, and its development, both from a pre-existing chloritoid-bearing 
assemblage without any change in the composition of the parent rock (Schreyer 
and Chinner), or by a process of metasomatism (Gresens) have been considered. 


Intermediate grade (Buchan-type) assemblages. The development of staurolite 
under conditions of relatively low pressure in relation to the temperature of 
regional metamorphism is commonly associated with the emplacement of 
plutonic intrusions in the later stages of the metamorphism. In such an environ- 
ment, staurolite is often accompanied by andalusite and cordierite. In other 
regions this association is the only evidence that a higher than usual thermal gra- 
dient was present during the metamorphism, the so-called Buchan type. Ganguly 
(1972) has suggested that the pressure- temperature field of staurolite-cordierite 
equilibria may be limited by the reactions: 


2 staurolite + 7 quartz = 2 cordierite + 5 Al,SiO; + H,O 


27 cordierite + 6H2O + SO, = 12 staurolite + 10 magnetite + 87 quartz 
and, as shown in Fig. 352, is mainly confined to the field of andalusite. 

The formation of staurolite in the pelitic rocks within the aureole of the main 
Donegal granite, northwest Eire, has been described by Pitcher and Read (1960) 
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Fig. 352. The field of coexistence of staurolite + cordierite that defines the probable limits of the 
‘low pressure intermediate’ or Buchan-type metamorphism (after Ganguly, 1972). 
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and Hess (1969). The latter author noted the occurrence of two diagnostic as- 
semblages, staurolite-andalusite-biotite, and _ staurolite-sillimanite, both 
assemblages also containing quartz and muscovite. Other assemblages, including 
staurolite-kyanite- biotite, and staurolite- garnet - biotite, derived from the pre- 


existine regionally metamornhosed nelites of the same area, have heen described 
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by Naggar and Atherton (1970), and are attributed to the reactions: 


(Mg,Fe)-chlorite + muscovite = staurolite + biotite + kyanite + water 


Fe-chlorite + muscovite = staurolite + biotite + garnet + water 
Ctaurahta_hintita_ agarnat_andalucitea_ alimanita—cardiarite_ hearing accemhl_ 
WlLAULYVILILY VUIVEULLE Qi llwee ALIMGLUDILYL OLAALALICOLLALY WWEUINE LLY vwval slip Qgooulliva 
ages at the contact of the metapelites with the granite have been noted by Smellie 


Smellie has also described compositional differences in the staurolites of the 
Clooney pelitic schists within the aureole of the Ardara pluton, Donegal. The 
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are apparent in irregular zoned crystals, differences across sector twin boundaries 
and in variable marginal compositions. These compositional features are at- 
tributed to the different modes of staurolite development, by growth in the pre- 
existing mica-rich matrix, growth within regionally metamorphosed garnet 
pseudomorphs, and from biotite derived by the partial replacement of thermal 
garnet. The apparent disequilibrium is considered by Smellie to result from 
restricted local diffusion and conditions of rapid growth during the contact 
metamorphism. 

The assemblage, staurolite, almandine, cordierite, hercynite, biotite, 
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to the Ardara pluton (Atkin, 1978). the staurolite is frequently corroded and rim- 
med by hercynite, and also occurs in complex intergrowths with hercynite and 
sillimanite enclosed by cordierite. The staurolite (2°3 wt.% ZnO) and hercynite 
(7-0 wt. % ZnO) have relatively high contents of zinc, and on the basis of their 
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related by the reaction: 
zincian staurolite > zincian hercynite + cordierite + sillimanite 


In the Dalradian metasediments of northeast Connemara, Eire, staurolite 
coexists with muscovite and quartz in the pelitic rocks of the staurolite zone and 
persists into the lower part of the sillimanite zone; biotite, plagioclase and quartz 
are also present in both assemblages. Andalusite and cordierite, derived from the 
replacement of staurolite, occur locally in the higher part of the staurolite-and in 
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the staurolite- sillimanite transition zones (Yardley, 1976). The initial reaction in 
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continues until the muscovite is consumed, and is then followed by the reaction: 
staurolite + quartz > sillimanite + garnet + H,O 

In both zones the rocks have the same assemblage of major phases, and thus 
lie in a single ‘volume’ in multidimensional composition space. The abundance of 
staurolite, and that of the associated phases, has been studied empirically by 
regressing mineral abundances against chemical parameters, and was found by 
Yardley (1977) to be largely controlled by the concentration of the major com- 
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ponents of the phases present in the rock. The modal composition of the 
staurolite grade rocks, had they reached the sillimanite grade, and the modai 
composition of the sillimanite grade rocks while in the staurolite grade, have been 
computed by Yardley. A comparison of these values with the actual modal com- 


positions to determine the expected changes in mineral abundance that accom- 


panied the metamorphism between the staurolite and sillimanite grade shows that 
the breakdown of equal amounts of staurolite, expressed as a reaction in grams of 
mineral, is 


0°014 garnet + 1:0 staurolite + 0°815 muscovite = 0°745 sillimanite + 0°617 biotite 
+0:°121 quartz + 0°266 plagioclase (1) 


0:034 garnet + 1:0 staurolite + 0°808 muscovite + 0°151 quartz = 0-871 sillimanite 
+ 0:780 biotite + 0°241 plagioclase (2) 


for the rocks of the staurolite and sillimanite grade respectively. No relationship 
was shown between the zinc content and the abundance of staurolite. 

Staurolite has been reported in hornfelsed pelitic rocks at their contact with the 
Bushveld complex near Penge, eastern Transvaal (Saggerson, 1974). The 
staurolite occurs in porphyroblastic crystais and is associated with cordierite and 
biotite that also have a porphyroblastic habit and developed in that order prior to 
the growth of the staurolite. In some examples, S surfaces representing former 


cedimentaryv handino nasc undicturhed through the porphyroblasts in others the 


NEAR EAWRELGEL FY WCEAANEEEE RB LPH MESENEEEREE WA Ladki LEE Vw PVE MER AV AMU Dy 448 


S surfaces are bowed or truncated by the porphyroblasts. The original sediments 
have not been regionally metamorphosed and the disturbance and displacement 
of the S surfaces is due to the growth of the porphyroblast so that although some 
have replaced the matrix others appear to have displaced the surrounding fine- 


grained quartz and sericitic mica. 


Simpson (1965) has reported the formation of staurolite, cordierite, garnet, 
biotite, muscovite and chiorite porphyrobiasts in members of the Manx siate 
series, Isle of Man, in proximity to the Foxdale- Archallagan granite. The intru- 
sion was emplaced syntectonically during a static interval between two phases of 


tectonic defarmation 
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The formation of staurolite, in andalusite-, sillimanite- and kyanite-bearing 
associations, resulting from the thermal metamorphism of low grade regionally 
metamorphosed pelitic sediments in the Burke area, northeastern Vermont, have 
been described by Woodland (1963). 
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hornfels facies metamorphism, in andesitic lav ‘of the Nijo-san and Amataki- 
yama district, Japan, have been described by Tagiri et ai, (1975). 

The widespread coexistence of staurolite and andalusite in the schists of the 
Errol quadrangle, northern New Hampshire has been described by Green (1963). 


Here the staurolite zone follows the garnet and earlier biotite zone, and con- 


sists of the five phase assemblage, staurolite + andalusite + garnet + 
biotite + chlorite, the Fe/Mg ratios of which decrease in the order 
garnet - staurolite- biotite- chlorite; staurolite persists into the lower part of the 
sillimanite zone. In the northern part of the region phyllites and schists belonging 


tn th 
to the garnet zone have been thermally metamorphosed by an adamellite stock, 


and have been converted to gneisses in which staurolite, andalusite, sillimanite 
and cordierite are present. The staurolite porphyrobiasts occasionally dispiay 
post-recrystallization deformation indicated by the presence of curved lines of in- 
clusion, but in the great majority of the crystals lines of inclusion pass 
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undeflected through the crystals and show that their growth took place after the 
regional metamorphism. 

Staurolite- cordierite— biotite- muscovite- chlorite (garnet), and staurolite- 
cordierite- biotite- muscovite- andalusite/sillimanite assemblages in the meta- 


pelites of the Agout massif, Montagne Noire, France, have been described 


by Demange and Gattoni (1978). 

The occurrence of a staurolite, andalusite, garnet (+ cordierite) assemblage in 
the mica schists from the axial zone of the eastern Pyrenees at Canigou and Roc 
de France was described by Guitard (1965, 1969) and Fonteilles and Guitard 


(1971). Staurolite- andalusite- biotite— muscovite- quartz, and staurolite - alman- 
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dine- ‘biotite- muscovite- quartz assemblages are present in the low-pressure, 
medium grade metapelites of the Fichteigebirge area, northeast Bavaria (Mielke 
et al., 1979). 

A staurolite-andalusite zone is present in the regionally metamorphosed 


pelitic rocks of the Mt Lofty Ranges, South Australia (Offler and Fleming, 1968). 
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In € parts of the region ‘andalusite appears before staurolite; in others the for- 
mation of staurolite preceded the crystallization of andalusite, and here iS con- 
sidered to be due to the high pressure of the metamorphism. This conclusion is 
based on the appearance of kyanite at an earlier stage in those areas in which 


staurolite crystallized prior to andalusite. The staurolite and andalusite producing 
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reactions are shown in the hypothetical diagram of Fig. 353 in which the 
staurolite reaction has a steeper slope than that of the andalusite reaction, and in 
which a geothermal gradient, such as illustrated by curve A, would show 
staurolite followed andalusite and curve B the reverse order of crystallization. 


Staurolite-cordierite-andalusite-biotite, staurolite—andalusite- garnet - bio- 


tite, and staurolite— muscovite -biotite- andalusite assemblages are present in 
the metapelites of the Kodar Range (eastern Siberia). In the higher temperature 
assemblages, staurolite is enclosed by cordierite reaction rims, and its subsequent 
complete dissociation to cordierite, garnet and sillimanite marks the upper 
temperature limit of the staurolite facies (Korikovskiy and Teleshova, 1970a). 
Two staurolite- bearing assemblages are present in the potassium- poor 
metapelites of the Udokan series, Kodar Range, eastern Siberia (Korikovskiy and 
Teleshova, 1970b). The two assemblages are correlated with different 


temperature regimes, a lower one consisting of staurolite, cordierite, andalusite 











Fig. 353. Hypothetical curves representing the reactions producing staurolite (1) and andalusite (2). 
Broken lines represent two possible geothermai gradients (after Offier and Fieming, 1968). 
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and biotite, and a higher subfacies of staurolite, cordierite, sillimanite and 
biotite: in the jaitter assembiage the sitaurolite (Tabie 73, anal. 2) is compietely 
surrounded by cordierite reaction rims, and at higher grade is entirely replaced by 
cordierite, sillimanite and garnet. 

Staurolite occurs in the cordierite-sillimanite gneisses of the Toga area in the 
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north-central part of the Hida metamorphic terrain, central Japan. Garnet and 
andalusite are also commonly present in the gneisses and the assemblage probably 
represents the higher grade of Buchan-type metamorphism (Asami and Adachi, 
1976) in metapelites containg staurolite. 


Higher grade assemblages. The transition from the staurolite to the sillimanite 
zone in the pelitic schists of the Oquossoc and Rangeley quadrangles, Maine, has 
been studied by Guidotti (1968, 1970, 1974, 1978). The isograd that marks the 
disappearance of staurolite is defined by the general reaction: 


staurolite + sodian muscovite + quartz = sillimanite + biotite + potassian 
muscovite + albite + HO + garnet 


In the upper part of the staurolite zone in the Rangeley quadrangle area 
(Guidotti, 1974), staurolite is associated with muscovite, quartz and chlorite. The 


zone Hmit is marked by the annearance of sillimanite and also marked by the 
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absence of chlorite due. to it having been successively consumed by reactions of 


chorite + muccovite = magnecian staurolite + maaonectan hiotite + agnesian 
WAAWL IT BLAUOUY VIEW AMLABlIwVoiass JULaUs VAI v AMIGA BAW IIa Wa~awmeien ' magnesi ail 

chlorite + garnet + H,O 
prior to the development of a transitional zone in which both staurolite and 
sillimanite are present. The reaction: 
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sillimanite + biotite + potassian muscovite + albite + 140 


is not sharply defined spatially but appears to have continued throughout the 
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In the Oquossoc area, staurolite is involved in a continuous reaction: 


Zn - poor staurolite + sodian muscovite + quartz = sillimanite + biotite + zincian 
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Stauronite + porassian MUSCOVITE + albite + H,O + garnet 


that leads in addition to its enrichment in gainer loa lac 72 "lA anals 10 WW tn 
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a decrease in modal staurolite and the progressive pseudomorphing of the 


staurolite by muscovite. The metamorphic conditions for this isogradic reaction 
are considered to be about 600°C, 4 kbar with Py... * Po. > Pao: 


The reactions in the lower part of the sillimanite zone in the | Elephant Moun- 
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A change in the zinc content of the staurolite, comparable with that noted by 
Guidotti, is also present here (from 0°038-0-:072 to 0°662-0°810 Zn per unit cell 
normalized to 46 oxygens) as well as the progressive replacement of staurolite by 
muscovite. The latter reaction is discussed by Foster in terms of local mass 
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reaction mechanism that arises from the chemical potential gradients between 
staurolite, sillimanite and matrix. 

The breakdown of staurolite at moderate to high pressures at a number of 
localities, selected by Fox (1975) on the basis of their unambiguous evidence of 
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the replacement textures, has been investigated by microprobe analysis of the 
reactant(s) and product(s) of the reactions: 

etauralita — gqarnat tavtira “1\ 
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staurolite > AI,SIO. nolymoarnh (9) 
Cees Wea BaZa 5 pve y save ps \=) 
staurolite > biotite + sillimanite + plagioclase textures (3) 
staurolite > muscovite textures (4) 


These data provide information relating to the degree of completion of the reac- 


tions, as well as to the loss of components involved and thus, at least in the im- 
mediate vicinity of the reactants and nroducts, to the deoree to which the svstem 
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was open. Considering only the areas ‘of the texture the above four reactions can 
be expressed: 


Si + 0°08 Ti+ 1:2 
t + 0°40 quart *80 Al + 
0:04 Zn + 3:06 (O) + i" 14(OH). () 


0:90 staurolite + 1°19 Si + 0°20 Ti + 0°06 (O) = 1°93 kyanite + 
0:04 hercynite + 0°17 ilmenite + 0°90 Al + 1:46 Fe + 0°51 Mg + 
0:05 Mn + 0°46 Zn + 2:205 (OH). = (2) 


1°35 staurolite + 0°95 Si+ 2°06 Mg + 2°95 K + 0°75 Na+ 
1°78 (OH) = = 2:07 biotite + 0-05 Ti + 16°68 Al + 3°43 Fe + 0°01 M 


+ 0°32 Zn + 17°12 (O). (3) 


N2249 ctavenlita tnd QTa 
VIL SIAUIUOULO TU 2 gre 


1°35 staurolite + 3-24 Si + 3-38 K + 0°57 Na + 15°32 (O) + 
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1-15 Mg + 0:21 Mn+ 0°43 Zn. (4) 


Considerable imbalance between reactant and products, with the loss (and/or 
gain) of some elements, is shown by these reactions and thus, within the restricted 
volume of individual textures, they have taken place in an open system. 

The occurrence of biotite-cordierite-sillimanite- garnet -staurolite- quartz 
assemblages in the metasedimentary gneisses of the Archaean sialic crust 
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southern west Greenland has been described by Wells (1979). The staurolite is 
present in both the more iron- and more magnesium-rich rocks; in the former as 
rounded inclusions in garnet and in the latter as inclusions in cor- 
dierite-sillimanite aggregates. The two sets of inclusions are re considered to be 
remnants of the breakdown of staurolite to garnet and sillimanite and cordierite 


and sillimanite respectively. 

The breakdown of zincian staurolite (3° 03 wt.% ZnO) to a zinc-rich hercynite, 
(Feo?4;Mgo.18sZMo.42) (Al,.9sFeo2ts)O4, in a cordierite-amphibole assemblage 
belonging to the amphibolite facies, Old Woman Mountain, southeastern 
California, has been described by Stoddard (1979). The staurolite and spinel oc- 


ate Le 


cur in a cordierite- gedrite - anthophyllite- plagioclase - biotite- ilmenite- quartz- 
rutile association. Although the assemblage does not contain zoisite, Stoddard 
has suggested that it was probably present in the rock at an earlier stage of the 


metamorphism, and that it participated as a reactant in the spinel-forming reac- 
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2°5(Fe,Mg):.s4ZMo. 16Alg.sSi3.9022(OH)2 + 12Ca2Al3;S8i;0;2(0H) + 12°25Si02 


staurolite zoisite 
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spinel cordierite anorthite Tlu 


The occurrence of staurolite formed at an anomalously 

Huntly-Portsoy area, northeast Scotland has been Srnotted ye Ashworth th (1975) 
The staurolite is present in sillimanite- potassium feldspar zone, muscovite- free 
metasediments that have been migmatized by partial melting § dur- 
ing the Caledonian orogeny. Together with sillimanite, biotite and quartz the 
staurolite (Table 7 73, anal. 18) occurs in reaction rims around cordierite. The grain 
size (© 0°1 mm) of the staurolite is considerably smaller than that of the por- 
phyroblasts coexisting with andalusite, muscovite and quartz in the lower grade 
schists. The staurolites have high contents of zinc (0°41-2°21 wt. % ZnO) and 
Ashworth considers that the mineral was probably stabilized close to its upper 
temperature limit by this component. It is believed that the staurolite crystallized 
during the migmatization episode, but the petrographic evidence with regard to its 
proprade or retrograde status is inconclusive. Its formation during crystallization 
of the melt as the temperature fell from the climactic value, possibly by reaction of 


the type: 
biotite + staurolite + quartz = sillimanite + potassium feldspar + H2O 
is favoured by Ashworth. 


Other parageneses. Although staurolite is a typical product of intermediate 
gr ade regional metamorphism in metapelites it is not restricted to such 
argillaceous bulk compositions and its occurrence in arenaceous and carbonate 
rocks has been recorded by Kriege (1918) (see also Juurinen, 1956). Staurolite has 
also been described in the metabauxites of Naxos, Greece (Jansen and Schuiling, 
1976). These emeries are located in the kyanite zone, and the typical assemblage 
consists of kyanite-corundum-staurolite-magnetite. The formation of 


staurolite is coincident with the disappearance of chloritoid, and here it is pro- 


bably the product of the reaction: 
chioritoid + kyanite + corundum > staurolite + H,0 
Some schistose emeries, consisting of muscovite, staurolite and kyanite are 
associated with these corundum-bearing metabauxites. 

The assocation of staurolite with corundum, in enclaves in gedrite-cordierite 
gneiss, southwest New Hampshire, has been described by Robinson and Jaffe 
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(1969). The typical enclave assemblage is sillimanite, kyanite, staurolite, cor- 
dierite and corundum. Gedrite-cordierite- garnet- staurolite- sillimanite- 
kyanite-biotite-quartz (-plagioclase) gneisses occurring as lenses in the poly- 
metamorphic rocks at Karera, Bhilwara district, Rajasthan, have been reported by 


Sharma and Roy (1979). 


Staurolite is a relatively rare constituent in regionally metamorphosed igneous 
rocks. Staurolite and kyanite assemblages, in sheets of interlayered amphibolite 
and hornblendite in the metamorphosed gabbroic anorthosite of the Upper 
Seaforth River, central Fiordland, New Zealand, have been described by Gibson 
(1978, 1979). The staurolite (Table 73, anal. 3), which is associated with horn- 
blende, plagioclase, kyanite and rutile, with corundum sometimes in place of 
kyanite, occurs mainly as small prismatic crystals disposed perpendicularly to the 
hornblende- plagioclase interface. Staurolite in the inner rims of envelopes of 
secondary minerals around corundum in an epidote amphibolite of the 
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Timurgara ultramafic mass, Pakistan, has been described by Jan et a/. (1971). 
Staurolite- sillimanite- kyanite- corundum -spineli-bearing assembiages are 
present in shear zones, Scourie, northwest Scotland (Beach, 1973). The staurolite 


is closely associated with sillimanite and kyanite, and is commonly in optical con- 
tinunity with the latter. The crvstallization of the staurolite followed that of 
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sillimanite and kyanite, and its formation is considered to have been associated 
with a period of intense metasomatism, invoiving a loss of silica and caicium, that 
was associated with the development of the shear zones at an estimated temperature 
of above 600 °C and pressure of 6 kbar. 


The development of staurolite as a relatively late additio 
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assemblages in ‘the contact schists and hornfelses within the aureole of the Leinster 
granite at Gienmacness, Co. Wickiow, Eire, is described by Kennan (1974). The 
staurolite is associated with pneumatolytic fibrolite, muscovite and tourmaline, and 
its formation is considered to have been related to the volatile-rich conditions 


within the aureole, The formation of staurolite schists in the Kurobe-gawa area of 
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the Hida metamorphic complex, central Japan, has been ascribed to the 
metasomatic alteration of relict and recrystallized piagiociase that occurred 
following the introduction of Fe, Mg, Al, K and H,O during the regional 


metamorphism (Asami and Adachi, 1976). An unusual assemblage, possibly 
derived from metasomatized igneous rocks. and consisting of staurolite, garnet, 
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tschermakitic amphibole, chlorite and quartz, in the staurolite- garnet am- 
phibolites of the Ogoone series, Ovala, Gabon, has been described by Demange 
(1976). The role of diffusive metasomatism in the staurolite- bearing, regionally 
metamorphosed rocks of the Tongulak range, Gornyy Altai has been discussed 
by Lepezin (1969). The occurrence of a zincian staurolite (1.46 wt. % ZnO), in 


Ae pee eist a7 ih MARL RSI RE SLL ISS SIA Vl 


muscovite veinlets i in a granite pegmatite, Ankole, Uganda, has been described by 


Knorring ef a/. (1979). 
Staurolite may occur as a product of retrograde metamorphism, and the 
replacement of sillimanite porphyroblasts, in a matrix of quartz, muscovite and 


biotite. by aggregates of small crystals of staurolite and muscovite in schists of 
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Littleton-Moosilauke area, New Hampshire, have been described by Billings 


(1937). The possible retrograde reaction is 
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sillimanite biotite staurolite 
+ KAl 39130 19(OH)2 + 7SiO, + 1°50, 
muscovite 
Under c nditions of retrograde metamornhism. stauroclite may form by the 
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breakdown ofa higher grade assemblage, as in the polymetamorphic pelitic rocks 
of the Goshen formation, Massachusetts (Abbott, 1979) in which staurolite is a 
product of the breakdown of kyanite and biotite: 


eo 


kyanite + biotite + H,O > staurolite + chlorite +muscovite + quartz 


The effects of the retrograde metamorphism are also evident in the rocks of the 
staurolite zone. Here, staurolite is mantled and partially replaced by chlorite, and 
the reaction may be represented by the sequence: 


staurolite + biotite + quartz + H.,O > chlorite + garnet + muscovite 


The breakdown of staurolite, formed at the time of the Caledonian orogeny, 
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to chloritoid and sericite during a late greenschist facies metamorphism of alpine 
age has been reported by Wenk (1974). In the retrograde metamorphism of the 
sericite-staurolite schists of the Wissachickon formation, Patrick and Henry 
Counties, Virginia, described by Moore (1937), staurolite is extensively altered to 
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xenoliths in a hornblende lamprophyre dyke has been noted by Anderson and 
Tyrrell (1936); the products include magnetite, hercynite, corundum, muscovite 
and quartz, and the reaction may be represented by the following equation: 


Fe,Al 1 35igQO44(OH)4t+KFe3AlSi 30, o0(OH)2+20, -~> 


staurolite biotite 
4FeAl,0, + Fe;0,4 + KAI;Si;0 10(OH)>2 + 4Al1,0; + 8Si0,+ 2H,0 
hercynite magnetite muscovite corundum 


The resistance of staurolite to chemical weathering ensures its preservation as a 
resistant mineral in clastic sediments, and it is a common constituent of heavy 


mineral accamhlaadeac 
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| Chloritoid (Fe2*,Mg,Mn),(Al,Fe**)(OH),A1,0,[SiO.]. | 


bo 


Monoclinic, Triclinic (+) or (—) 























a 1°705 - 1-730) riz 
a 1.9NQ 1.5994 ie 
p 1 fU6O- 1° (O54 co } ° 
Y 1-712-1°740 72-30 
i) 0.005 - 0.022 — | oN 
2v, 37°- 124°) fom } a 
viz 2°- 30° = OP or] 
inic we lero eek ~ 7 / 
a= yor B= y (monoclinic polymorph) YK y A y 
Dispersion: r > v strong NN la og + 
(anomalous interference colours) Sty poo 
D 3°46- 3°80 a 
H 6% uf 
Cleavage: {001} perfect, {110} moderate, {010} parting. 
Twinning: {001} simple, ternary, lamellar: common. 
Colour: Dark green to black; colourless to green in thin section. 


Pleochroism®: a@ pale grey green to green. 
B siaty blue to indigo. 
y colourless to pale yellow. 


Unit cell: Monoclinic polytype “ a 9°48, b 5°48 c 18:18A, 
B 1 01-74°, Z=4,C2/c. 


Triclinic polytype® a@ 9°50, b 5: 48, c 9: 16A, 


96°88, 8 101°82°, y 90°03°, Z 
1 


Ml 
N 


Soluble in H,SO, 


Chloritoid is a characteristic constituent of low and medium grade regionally 
metamorphosed pelitic rocks, slates, phyllites and schists, and iS commonly used 
as a zone mineral in orogenic belts. It also occurs in some glaucophane-bearing 
schists, but although it has been regarded as a typical example of the so-called 
stress minerals it is found also in quartz-carbonate veins and other hydrothermal 


environments. Although chloritoid resembles the mica group minerals in crystal 


habit it is distinguished from them by the non-flexibility of the basal cleavage 
plates and by its greater hardness. There are similarities, and differences, between 
the structures of the micas and chloritoid. Like the micas the structure of 
chloritoid is made up of layers of atoms parallel to the basal cleavage, but there 
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’ Refractive indices a 1-682, 8 1-688, y 1:694 reported for a Mg-rich chloritoid (Table 78, anal. 33). 
? 2V_ mainly in the range 45 °-70°. 

3 See also Table 79. 

“ Hanscom (1975). 

5 Halferdahl (1961). 
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are two octahedral sheets, (Fe,Mg)2AlO2(OH), and Al;Ox in composition, linked 
by individual SiO, tetrahedra (not layers of linked tetrahedra as in the micas) and 
by hydrogen bonds. A large number of varietal names (see Halferdahl, 1961) 
have been used to describe chloritoids with different contents of Fe, Mg and Mn, 
but only ottrelite, for manganese-rich chloritoids, is in common use. Chloritoid is 
named from its superficial resemblance to chlorite. 


Structure 


Machatschki and Mussgnug (1942) suggested that the structure of chloritoid was 
essentially of the mica-type but with potassium atoms replaced by a layer 
(Fe?*,Mg) + 2(OH) in composition. Milne (1949) gave the monoclinic unit cell as 
a 9°45, b 5-48, c 18:16A, B 101 °31’, i.e. with a and b interchanged as compared 
with the common micas. The structure was fully determined by Harrison and 
Brindley (1957) who showed that although it contains layers of atoms parallel to 
the predominant cleavage (001), it differs considerably from that of the micas. 
The structure (Fig. 354) can be described as consisting of two closely packed oc- 
tahedral layers L, and L2. L, is a trioctahedral brucite-type sheet with composi- 
tion (Fe?*, Mg)4Al,0,(OH),, and L2 a corundum-type layer of composition 
AlsO.6. These layers alternate in the direction perpendicular to (001) and are link- 
ed by individual SiO, tetrahedra (not sheets of linked tetrahedra) and by 
hydrogen bonds. The corresponding ideal structural formula would be 
(Fe?*,Mg)2Al(OH)4A1;02[SiO,]2 or, to illustrate the linkage of the oxide and 
hydroxide layers by Si atoms as, Al;Ox Si, (Fe?*,Mg)2 AlO2(OH),4. Compared 
with micas having comparable amounts of (Fe?*,Mg) this arrangement results in 
larger a and b cell dimensions which are in chloritoid governed mainly by the 
corundum-type layers. 

The structure of a chloritoid (Fe:.62Mgo-26Ming-02)Als.asFq-0991o-04011.99, 
from Weaver Hill, Vermont, with a 9-4818, b 5-4842, c 18-1824 A, B 101°738°, Z 













Lz 
; 20, 4(0H) —, 
Brucite- 
L; type layer 2Al, 4(Mg,Fe) 
20, 4(0H) — 
Corundum- 
L2 type layer 
20, 40H) — 
Li 2Al, 4(Mg,Fe) 
20, 4(OH) 
2Si 
L2 80 ima 


Fig. 354. The structure of chloritoid projected on (010) showing the two kinds of octahedral layer L; 
and L, (after Brindley and Harrison, 1952). 
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= 8 and space group C 2/c, determined by Hanscom (1975), was essentially the 
same as that described by Harrison and Brindley. In the octahedrai layer L, there 
are two distinct sets of cation sites; recent evidence (Tricker ef a/., 1978) suggests 
that Fe?* = Mg are statistically distributed over one set, and Al and vacancies in 


“ avo th ad 
the other. L, contains only Al octahedra each of which shares four edges with ad- 


jacent octahedra, and three out of every four sites are occupied. The L; and L, 
sheets are connected by isolated SiO, tetrahedra (mean Si-O distance, 1°643 A) 
attached over the vacant L2 octahedral positions with their apical oxygens form- 
ing part of adjacent L, sheets. Hydrogen atoms were shown to be associated with 


. 
oxygens that are not bonded to Si, in positions predicted by Donnay and Allman 


(1970). The structure determination indicated that Fe** might replace some Al in 
the L, layer whereas Faye et a/. (1968) had suggested, from their study of absorp- 
tion spectra, that Fe** and Fe?* were segregated in the L» (‘corundum’) and L, 
(‘brucite’) layers respectively. 


] 
Based on the evidence that some of the twin | 


tent with the above structure, and because of the variabl e tical properties of 
different chloritoids, and optical indications of triclinic symmetry, Harrison and 
Brindley (1957) suggested that a second structural type of chloritoid probably oc- 


curs. Halferdahl (1961) confirmed that there is a triclinic as well as a monoclinic 


tat i . . . ~ Og’ CAD! On’ 
chloritoid, the former having a 9°50, b 5°48, c 9-16 A, a 96°53’, 8 101°49’, y 90°2 


D 3°79 g/cm’*. He showed how a twinning twofold rotation or screw axis parallel 
to y operating on the triclinic space group C1 can yield the space group C2/c, thus 
relating the triclinic and monoclinic polymorphs. 

High resolution electron microscopic and X-ray diffraction studies of 


1 1 A nk al 
chloritoids (Jefferson and Thomas, 1978) confirmed the above two and observed 


two more polymorphs (polytypes) of chloritoid, one monoclinic and the other 
trigonal. The latter investigators analysed the polytypism in terms of layer 
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Fig. 355. Projection of the L, octahedral component of chioritoid down (001) showing the six prin; 
cipal displacement vectors that can occur across an L, layer. These fall into two groups of three vec- 
tors oriented at 126°, comprising V;, 7; and Vs, and V,, WV, and WV, respectiveiy (after Jefferson and 
Thomas, 1978). 
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displacements similar to those which occur in micas and other layered silicates. 
Figure 355 shows the six principal displacements that can occur across an L, layer 
of octahedra and combinations of these together with a slight x-displacement in 
the L; layer lead to various polytypes as shown in Table 77. 

The structure of dehydrated chloritoid was investigated by Bachmann (1956) 
who showed that the hydroxyl ions of the brucite-type sheets are changed to 
oxygen atoms, some of the hydroxyl positions in the natural mineral become va- 
cant, and the Fe2* atoms are converted to Fe** 


Chemistry 
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structure to that of the micas, Was Cxpresscea by Machatschki a ind 


(1942) by the formula: 
Fe2*(OH), {(OH)2(Fe, Al,Mg)s [(Si, Al) 40 jo]} 


and Milne (1949) suggested that the composition could be expressed in terms of 
the probable ideal cell content as: 


a composition which agrees with Dana’s original empirical formula 
2(Fe,Mg)A 1,SiO;. Snelling (1957) gave the general chloritoid formula as: 
X27 Y(OH),4A13;02[Si0,4]2 
where _X includes Fe**, Mg, Mn, Ti, Ca, Fe** and Y includes Al,Fe°*. 
aericnnm an DeinAlary? Ss L1QEW oternanture datarminatinn latar cranfirmaA hu 


Harrison and prinagiéy § (iz5/) Structure aetermination, iater confirmed oy 
Hanscom (1975), showed that chloritoid consists of brucite-type sheets with the 
composition (Fe**,Mg)4Al,04(OH)s alternating in the direction perpendicular to 
(001) with corundum-type sheets of composition Al,O,. that are linked by layers 

of individual [SiO.] tetrahedra and by hydrogen bonds. This structural arrange- 


Table 77. Simple possible polytypes of chloritoid 





Vector sequence (see Fig. 355) Polytype symbol 





Any of V, V2 V3 V4 Vs or Ve repeated 1Tc (Halferdahl, 1961/7 

2 Any combination V, V2, Vs V2, V3 Va, V3 2M, (Harrison and Brindley, 1957) 
Ve, Vs Va, V) Vo repeated 

3 Any combinationV, V,, V2 V3 or Vs V6 2M}> 
repeated 

4 Any combination V, V3, V2 V4, Vi Vs, V2 2M, 

Ve, V; Vs, Vv, Vv. repeated 

Either V, V; Vs; or V2 V4 V6 repeated 3T 

Vi V2 Vv; V, V; Ve repeated 6H 


_ 


Aw 





*Comparable to 1M mica; would be monoclinic without offset in L. 
’Comparable to hypothetical 20 mica; would be orthorhombic without offset in L2. 
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The composition of 11 early analyses of chloritoid was reviewed by Foster 
(1961), and a critical survey of chloritoid analyses published prior to 1960 has 
been presented by Halferdahl (1961). The latter compilation includes 98 analyses 
classified according to their estimated reliability, completeness and the purity of 
the sample. Five new analvses made on material after careful removal of im- 
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purities were also presented by Halferdahl. 
Tabie 78 details 35 chioritoid analyses, 28 of which have been published since 
1961. Halferdahl’s review showed that the composition of chloritoid is compati- 


ble with the ; above structural formula, and that the main substitutions are Mg and 
Mn for Fe?*, and Fe** for Al, with partial oxidation of 3Fe?*to 2Fe** (Fe?*H) to 
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Fe>* probably present in some chloritoids, with which the more recent analyses do 
not conflict materially. The numbers of Si atoms, on the basis of 14 (O0,OH), for 
the minerals detailed in Table 78 vary between 1°923 and 2°147 with the mean 


value 2°044 and show, as in other orthosilicates, that there is no replacement of 
Si by Al. Those analyses showing somewhat high values of Si are probably 
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erroneous resulting from the presence of inclusions of quartz in the sample. 
The analyses display a greater variation from the ideal constitution of the mix- 
ed octahedral layer [(Fe,Mg,Mn),.(Al,Fe**)]. In allotting the cations, titanium has 


been assumed to substitute for aluminium. In the analyses in Table 78, TiO, 
varies from 0:0 to 1:30 wt. per cent, equivalent to 0°00-0:08 atoms per formula 
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unit. Inclusions of rutile, ilmenite and sphene are, however, common in 
chioritoid, and it is most likely that some of the higher TiO, values are due to the 
presence of one or more of these minerals in the analysed material. Halferdahl 


concluded that the maximum amount of TiO, in chloritoid is less than 0°6 wt. per 
nt and probably less than 0°2 wt. ner cent (2 0°01 Ti per formula unit) 
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The amount of substitution of Fe?* by Mg and Mn (atom%) was given by 
Halferdahi as ranging between 0 and 42 and O and i7 respectively. Aithough the 
majority of the recent analyses fall within these ranges, Table 78 shows that a 


more extensive substitution may occur, with the formula unit content of Fe?* 
Q96°4~—23: 5, Mg 2°0-—68:1 and Mn 0:0-50°3 atom per cent (Fig. 356a), and more 


avasa 


(Fe, Mn)- rich chloritoids, Fegs-6, Mgo. 055 Mn33.35 and Fess. 1s Mego. 1 Mns3;.2, 
have been described by Brindley and Elsdon (1974). The mixed octahedral layer 
ideally contains two divalent and one trivalent ion per formula unit. Although the 


mean value of the total of these cations is 2°98 for the chloritoids of Table 78, 


some deviation from the two divalent and one trivalent is apparent This denar- 
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ture from ideality shown by a substantial number of the analyses i is illustrated in 
Fig. 356b, and may be due to the oxidation of some ferrous iron and/or the 
presence of impurities in the analysed material. 

In the majority of chloritoid analyses the amount of CaO is small, and in the 


five carefully purified samnles analysed by Halferdahl it varies between 0°04 and 
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0°10 wt. per cent. Some of the higher values reported for anals. 8, 10 and 19 in 
Tabie 78 are probably due to inciusions of apatite, sphene or carbonates. Similar- 
ly the presence of small amounts of K,O and Na.2O recorded in many chloritoid 
analyses is probably derived from inclusions of a potassium mica and/or 


. 
naraaqnnite 
po “BeBwrss we 


Ideally chloritoid has 4(OH) groups per formula unit and in most of the 
analyses the hydroxyl content does not depart to any great extent from this value. 
Four analyses (19, 20, 21 and 26) show a considerably smaller amount of (OH); it 
is significant that each also has an unusually large amount of ferric iron, and the 


hv ydroxyl deficiency may b be due to oxidation of some of the ferrous iron accord- 
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Table 78. Chloritoid Analyses 
1 2 3 4 5 6 
SiO, 25°18 23°91 24°00 25°20 24°9 24°80 
TiO, 0°30 0°20 0:05 1°30 O4 0:10 
ALO, 40°27 40°12 40°30 38°82 39°2 39°02 
Fe,0;3 _ 1°23 2°52 — —_ 2°07 
FeO 25°14 27:06 25:13 25°50 26°8 25:25 
Mad 0°46 0°16 0-09 0°85 0°19 0:39 
MgO 0°30 0°51 1:23 0°91 1:5 1:30 
CaO 0°48 0:04 0-10 0°00 001 0°00 
Na,O 0:05 0:00 0°00 0°19 _— — 
K,0 O16 tr 0:00 O17 — — 
H,0* 7°63 7:03 6°90 7°36 6°6 7:25 
H,O° — 0°01 0-00 — —_ = 
Total 99°91 100-28 100°33 100:30 99°60 100°18 
a 1:721 1°727° 1°725° 1-718 1:727 1-722 
p — 1:729° 1°727° — —_ 1:724 
Y 1-731 1:733 (calc) 1°732 (calc) 1°726 —_— _— 
2v, —_ 53° (51°- 55°) 50° (47°- 54°) —~ _ 64° 
1(001)Aa _— 90° (88°- 90°)90°(88°- 90°) — 75° 90° 
1(001)AB — 65° (60° - 70°)67° (64°- 70°) — 72° 66° 
L(O001)Ay _— 25° (21°-30°)23° (20°- 26°) — 24° 24° 
D — _ — — — —_ 
Numbers of ions on the basis of 14 (0, OH) 

Si 2:079 2:000 1-996 2°084 2°092 2°058 
Al 3-000 3-000 3-000 3-000 37600. 3000 
Al 0:92] 0-954] 0-962 | 0:784 | 0-884] 0:818 
7 0-019 F994 09-01371°04 0-003 F112 0-081 70°87 0-025 70°91 0-006 F 9°95 
Fe** — | 0:077 0-158 | _— | _ | 0-129, 
Mg 0-037 0-063 0-152 | 0-108 | 0-188 | 0-161 | 
Fe** 1°732 1-892 1°749 1-768 1°884 1°753 
Mn 0-028 O-O1! 0-013 0-060 0-014 0-027 
Ca 0-042 r 86 0-004! 97 0-009 in _ 0-001 ae 0- pe 
ina 0-008 — — 0°030 =— — 
K 0-017 _— | — | 0:018 _ | _ | 
OH 4-202 3-961° 3-830 4-060 3-700 4-012 
Atom Fe 96°4 96°2 91°4 91:3 90:3 90:3 
% Mg 2:0 3:2 79 5°6 9-0 8:3 

Mn 16 0°6 07 371 0-7 14 
*a'f’. 
© Includes F 0-003. 
1 Chloritoid, garnet-staurolite-chloritoid schist, Patom Uplands, USSR (Petrov, 1969). Anal. M. E. 


Yermolayeva. 


id 


Chloritoid, Natick, Rhode Island, USA (Halferdahl, 1961) Anal. E. H. Oslund (includes F 0-01). 


3 Chloritoid, emery deposit, Ustiiagiksaring, Turkey (Onay, 1949; Halferdahl, 1961). Anal. E. H. Oslund 


(includes F 0°01). 
4 Chloritoid, sericite-pyrophyllite-chloritoid schist, Patom Uplands, USSR (Petrov, 1969). Anal. M. E. 


Varmnlaueva 


1recpmvuiayctva. 


5 Chloritoid, chloritoid-chlorite- phengite-quartz-metapelite, Voulikliand, Crete (Seidel and Okrusch, 1977) 


(probe analysis). 


6 Chloritoid, quartz phyllite, Alpe dei Masi, Sarntalen Alps, South Tyrol, Italy (Gregnanin and Sassi, 1967). 
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Table 78.- Continued 
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10 11 12 
23-42 23°79 24:4 25-0 25°18 23:94 SiO, 
0-09 0-00 1-3 — 0°40 0°39 TiO, 
40°24 39°35 39°6 37°5 39°48 39°19 Al,O; 
1:26 0°41 2-4 2'6 2-00 1°33 Fe,05 
25°86 26°38 23-0 23:2 22:26 23°41 FeO 
0°34 0-14 0-2 —_ 1:32 1:42 MnO 
1-62 2:08 1°8 2:0 1-25 1:34 MgO 
— 1:10 tr 21 0-06 0°29 CaO 
— 0°28 — — 0-15 0°47 Na,O 
— 0-00 — — 0°43 0-45 k,0 
7:12 6°76 73 7:60 7:30 7°53 H,0* 

— — 0-05 0:06 O-11 H,0- 
99-95 100°29 100-00 100°1 99-89 100-00 Total 
1-725 1-718 1:722 1:719 1-720 — @ 
1:727 1-720 1-725 — 1:722 — p 
1:731 1:724 1-728 1:729 1-725 — y 
60 ° (55-82)° 58° 2 60° — — — 2V, 
_ _ _ _ _ — 1(001)Aa 
66°-70° _ — — _ — 1(001)A8 
20°- 24° — 5°-22° — — — 1(001)Ay 
— — — — — — D 
Numbers of ions on the basis of 14 (0, OH) 
i) 1-995 2:010 2-068 2:067 1-994 Si 
3-000 3-000 3-000 3-000 3-000 3-000 Al 
0-962] 0-890 0-847 | 0-650] 0-852] 0-846) A 
0-004 +105 9-000f0°92 g-081 71°08 = 0°81 9-025 11-01 9-025 | 0°95 Ti 
0-079 | 0-026 0:148 | 0162 0130] 0-083 | Fe** 
0-202] 0-260] 0-221 | 0-247] 0-155] 0-166] Mg 
1:806 1-850 1°585 1-605 | 1°545 1°630 | Fe’* 
0-024 0-010 0-014 — 0-095 0-100 Mn 
_ 2 03 0-099} 2°26 9: je 0-190 F204 0-005 [186 0-019 | 2°04 Ca 
— 0-045 — — 0-016 0-076 Na 
— | — | -— | — | 0-040 0-047 | K 
3-966 3°780 4-012 4:194 4-030 4-182 OH 
88-9 87°4 87° 6:7 86:1 86-0 Atom Fe 
9°9 12:1 12:1 13°3 8-6 8:7 % Mg 
1-2 0:5 0°8 533 5:3 Mn 


7 Chloritoid, vein in paragonitized rock, Shakatangchi, Hualien Taiwan (Chen, 1963). Anal. T. P. Tam 
Analysis corrected for CaO and CO, assumed in calcite impurity, and the subtraction of 2°4 Al,03, 2°8 
SiO, and 0:28 H2O required to account for 0°56 K20 + Na2O in paragonite in uncorrected analysis. 

8 Chloritoid, quartz vein, Mossbani, Bihar, India (Venkatesh and Malhotra, 1960). Anal. P. D. Malhotra. 

9 Chioritoid, garnet-staurolite-biotite-sericite—- quartz iens in biotite-sericite schist (Barth and Balk, 1934). 
Analysis corrected for impurities. 

18 Chioritoid, chloritcid quartzite, Dom Bosco quadrang! 
High CaO may be due to inclusions. 

11 Chloritoid, chloritoid- muscovite - paragonite- chlorite- quartz- rutile schist, Castleton, Vermont, USA (Zen, 
1960a). Anal. Booth, Garrett and Blair (analysis corrected for 0°4 per cent sericite and 0°1 per cent quartz). 

12 Chloritoid, phengite~ paragonite-chloritoid- chlorite schist, Bardonechia, Fréjus, French Alps (Bocquet, 
1974) (includes P20 0°13). 
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13 14 15 16 17 18 
siO, 25-99 25-90 25°55 25°50 24-0 23°85 
TIO, 0°34 0°53 0°46 0-15 1-0 0°56 
Al,O; 38-96 39-62 40°11 38-00 40-0 35°83 
Fe,0; 114 0-01 2°69 0°60 1:8 9-00 
FeO 23°44 24:38 21°49 24:20 23-3 20:33 
MnO 0-39 0-58 0°13 0°73 0:3 0:99 
MgO 2°16 2-17 2°38 2:39 2-6 1:94 
CaO 0-00 0:05 0-45 0:03 o1 0°34 
Na,O 0-21 0-12 — 0-10 _ _ 
KC 0:28 0-20 0-07 0:27 _— _ 
H,0* 7-12 6°74 7-00 7°72 7-0 7:16 
H,O° 0-0! 0-00 0:07 0-08 _ 
Total 100-09 100-30 100-46 100-28 100-2 100-00 
a 1:721 _— 1:715° 1:719 1:721 1:721 
B 1:723 — 1-717 1-722 1:723- 1-724 1-725 
y _ ~ _— 1:730 1:729 1-728 
2v, 58° — 48°- 62° 42°-64° 68° 55° 
1(001)Aq@ — _— _ _ _ _ 
1(001)A8 — _ — — — — 
1(001)Ay 18° — — 17°-22° — — 

D 3°51 _ 3-49 — — — 
Number of ions on the basis of 14 (0,O0H) 

Si 2:138 2-139 2-086 2°107 1-985 1:999 
Ai 3-000 3-000 3-000 3-000 3-000 3-000 
Al 0-784 | 0'856 | 0°86 | 0-700] 0-898 | vq 0°540 | 
Ti 0:021 | 0°88 0-033 50°89 0-029 F1:06 0-009 10°75 0:062 71°97 0-035 p1-14 
Fe?* 0-070 0-001 0°166 0-038 | o-112 0567 | 
Mg 0-265 | 0-267 | 0290 | 0:294 7 0°320 | 0-242 
Fe?* 1615 1°684 1°469 1:673 1611 1°425 
Mn 0027 0-040 0:009 0:050 0021 0:070 
Ca — p97 0-005 }2"08 0:039 rst 0-002 12:06 0-009 p36 0-031 th77 
Na 0:033 0-019 0:000 0:016 — — 
K 0-030 | 0:020 0-007 | 0-028 | — | — | 
OH 3-916 3714 3814 4254 3862 4-003 
Atom Fe 85:2 84-6 83:1 82:9 82'6 82-1 
% Meg 13°4 13°4 16°4 146 16°3 13°9 

Mn 14 2-0 0-5 2°5 te 40 


18 


Chioritoid, garnet -chioritoid- chiorite- muscovite - paragonite- quartz— ilmenite schist, Mt Grant, central 
Vermont (Albee ef a/., 1965). Anal. A. D. Maynes (trace element data for Ba, Co, Cr, Cu, Ga, Ni, Sc, V, Y, 
Yb, Zn, Zr) (includes P20, 0°05) 


Chloritoid, quartz- muscovite- chlorite -chloritoid-staurolite schist, Cowal, Argyllshire, Scotland 
(McNamara, 1965). , 

Chloritoid, chloritoid schist, Kohit massif, Czechoslovakia (Vrana, 1964). Analysis corrected for 3°5 SiO2 
(includes P20; 0:06). 

Chioritoid, chioritoid-sericite schist, Piesse’s Knob, Broken Hili, New South Waies, Australia (Misar, 1971). 
Anal. G. T. See (Na2O and K;20 stated to be due possibly to slight contamination by sericite) (includes P20; 
MO.€14 

Woaje 

Chloritoid, chloritoid schist, Shetland metamorphic series (Guppy and Sabine, 1956). Anal. A. D. Wilson 
and P. Coombs. (Total includes ZrO» 0°03, Cr2O4 0°02, V20; 0:03, NiO 0:01, CoO 0:01, BaO 0-002, Sr 
0:002, GazO, 0°01, Sc2O; 0:004.) ; 

Chloritoid, chloritoid- chlorite- muscovite schist, Stonehaven, Scotland (Snelling, 1957). Anal. N. J. Snelling 
(recalculated so that Si = 2, requiring the assumption that the quartz impurity is 6°61 %). 
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19 20 21 22 23 2A 
26:00 24°83 23-88 24:96 28°84 24-05 SiO, 
0°60 — 039 0°85 0°61 0°24 Tio, 
39-15 40°83 39°66 40°46 38°71 41-61 Al,0; 
4:55 5°42 5-20 119 2:42 2°89 Fe,0; 
19°85 19°32 20°13 20°87 20°51 19-80 FeO 
0-20 0°41 1-00 — 0:50 0:40 MnO 
2:40 2°65 2°52 3°52 1°41 3°84 MgO 
0-95 0-05 0-48 0°12 0:06 0:16 CaO 
0-25 0:36 — — 0:02 0:09 Na,O 
0:25 0°25 — — 0°04 On} K,0 
5-00 4°78 6:33 7:88 6°87 7-00 H,0* 
0-75 O11 — — 0:03 0-05 H,0- 
100-00 99-01 99-59 99°85 100°06 100°27 Total 
1:712 1:705 1°716-1°722 1°713 1°725° 1°714 a 
1-717 1-711 1:719-1-725 1°715 1°727° 1:717 B 
1:719(calc) 1°715 1:724-1:728  — 1:732(calc) 1°722 Y 
_ — 46° - 56° 55°5° 46° - 58° 85° 2Vv, 
_ _ ~ — 76°-90° — 1(001)Aq 
_— — — — 62°- 88° — 1(001)AB 
— — 5°-21° — 2-30° — 1(001)Ay 
3-465 — _ — — 3°53 D 
Numbers of ions on the basis of 14 (0,OHD 
2-197 2°108 1:988 2-017 2074 1°962 Si 
3-000 3-000 3-000 3-000 3-000 3-000 Al 
0-898] 1-086 | 0:892 ] 0'856 0:810 | 0:999 | Al 
n.nrwo an 1-A2 n.mre 1-94 niner LN-OF n.nroc 1:00 a.nte 1-10 3s 
WUussS 1°23 _ tt) =6U"ULS aor WU] Vzi WUSS AM™M WUlLS a ae il 
0-289 | 0-346 | 0°322 | 0-063 | 0-151 | 0-177 | Fe** 
0:3027 0:335 | 0°308 ] 0-425 | 0176 | 0:467 | Mg 
1:403 1:372 1°400 1-411 1°432 1°350 Fe?* 
0-014 0-029 0-070 — 0°318 0:027 Mn 
0-086 tH 86 0-005 H 83 0-042 rH 82 0-010 rH 85 0-006 f 94 0-014 [18 Ca 
0:032 0-059 — — 0-003 0-015 Na 
0-026 | 0:026 — | — | 0-004 | 0°012 | K 
2-818 2-700 3-428 4:228 3°8364 3°815° OH 
81°6 79°} 78-8 76-9 74-4 73-2 Atom Fe 
17°6 19°3 17:3 231 9:1 25°3 % Mg 
0:8 16 3-9 _ 16°5 1°5 Mn 
c. A 


af’. 
4 Includes F 0-010. 
* Includes F 0-008. 
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Chloritoid, muscovite-chlorite-chloritoid- quartz schist, Angers, France (Boudier and Nicolas, 1968) 
(includes P2O5 0°05). 

Chloritoid, chloritoid- staurolite- biotite~albite~ chlorite schist, Marvejols, Lot Valley, central France 
(Briand, 1973) (H2O - loss on ignition). 

Chloritoid, sericite- graphite -chlorite- quartz schist, Negru Valley, southern Carpathians (Pavelescu, 1968). 
Chioritoid, phyllite, Muno region, Belgium (Beugnies, 1976) (analysis corrected for 3-96% quartz). 
Chloritoid, Salm-Chateau, Belgium (Halferdahl, 1961). Anal. C. O. Ingamells (includes F 0°04), 


Chloritoid, associated with phengite, glaucophane and quartz in aluminous schist. Ile de Groix, Brittany, 
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France (Makanjuola and Howie, 1972) (includes F 0:06 - O= F = 0-03). 
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25 26 27 28 29 30 
siO, 24:96 24°76 25°12 25°8 25-0 25-96 
TiO, 0-11 0°50 0-00 0-0 —_ — 
Al,O; 40°44 40°15 40:25 41:0 37:1 40:93 
Fe,0; 1°55 6°00 3-22 1:9 31 — 
FeO 21-17 17°30 19-62 18-5 19°8 14:59 
MnO 0°42 0°59 1-05 0:2 — 8°87 
MgO 4:18 3°60 3°89 4:7 75 3-41 
CaO 0-00 0°13 0-00 0:1 tr — 
Na,0 0-05 0°20 _— 0-0 — — 
K,0 0°10 0-08 0:09 0-0 — — 
H,0* 7°10 5:94 6°76 14 7:04 6:9 
H,0° 0:02 0°03 _ ~ 016 — 
Total 100-13 99°28 100-00 99°6 99:7 100-66 
@ 1:712 1-717 1:719 1:712 1-714 —~ 
B 1:714 — 1:721 1717 — ~ 
Y 1:726 1:725 1°725 1:728 1-722 — 
2v, 51° 45°- 50° 56° 55° — — 
L(001)Aa — — _— _ — — 
L(OO1)AB — _ _ — — _ 
L(001)Ay 11° _ 13° — — — 
D 3:54 — 3°517-3°522 — — — 
Numbers of ions on the basis of 14 (0,OH) 

Si 2:037 2:055 2:059 2:079 2:055 2-112 
Al 3-000 3-000 3-000 3-000 3-000 3-000 
Al 0°892] 0'930 ] 0-891 | 0-894 | 0'576 | 0-925 
Ti 0-008 +1-00 0°031 +1:34 0-000 11:09 0-000 Fi‘01 — 077 — 0°93 
Fe** 0-095 I 0 374 a) 0-199 0-115 0-192 — 
Mg 0°5 0°475 ] 0°565 | 0°919] 0:414] 
Fe** 1:44 “4s | 1 201 1°345 1°248 1-361 | 0-993 
Mn 0-030 0-041 0-073 0-014 — 0-611 
Ca — L2-00 0-011 hi-74 0-000 11-90 0-009 }i-84 0-000 }228 ~ L2 02 
Na 0-006 0°032 — 0-000 — ~_ 
K 0-011 | 0-008 | 0: ‘010 | 0-000 | — | — | 
OF 3°868 3-288 3-697 3-978 3-863 3°745 
Atom Fe 72°8 713 7ii 68°3 59-7 49°2 
% Mg 25°6 25-0 30°9 3 20°5 

Mn 1°5 24 3°9 0:8 — 30°3 
25 Chloritoid, kyanite-chloritoid- chlorite- muscovite- quartz-rutile- hematite schist, Mt Grant, central 
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Vermont, USA (Albee et al. “. 1965). Anal. A. D. Maynes (includes F205 O'US: trace element data for Ba, 


Co, Cr, Cu, Ga, Ni, Sc, V, Y, Yb, Zn and Zr). 


Chloritoid, chloritoid- glaucophane schist, Locmaria 
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Ile de Groix, Brittany 


Chloritoid, muscovite-chlorite-chloritoid schist, Rawlinsville, Pennsylvania (Hietanen, 1951). Anal. E. 
Stahlberg (analysis recalculated after subtraction of TiO 0°63, H,O 0°14). 

Chloritoid, glaucophanite, Zermatt, Switzerland (Bearth, 1973). 

Chioritoid, chloritoid quartzite, Rio de Pedras quadrangle, Quadrilatero, Ferrifero, Minas Gerais, Brazil 
(Herz, 1978) (analysis recalculated for quartz impurity). 


= : : * + . aes > Mal witile accen 
Ohiasienid fatrtealizal nhanaita. nnaracanita chlorite-chloritoid- garnet t-quartz- hematite- rutile assem 


Venn-Stavelot massif, Ardennes, Belgium (Kramm, 1973): probe analysis. 
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Table 78.- Continued 








31 32 33 34 35 
24:77 26:04 24:7 24°24 25°8 SiO, 
tr. — tr. —_ — TiO, 
43°03 43°18 43°8 41:31 39°5 Al,O, 
2°97 — 3:0 1:70 — Fe,0, 
12°86 11°56 8-9 8°14 77 FeO 
tr. _ 0:1 12°79 16°2 MnO 
9°70 11°20 10°8 4°46 4°8 MgO 
tr. — 0:2 0-11 — CaO 
0°68 — 01 _— — Na,O 
0°09 — 0°3 — _— K,0 
6°61 777 77 7:26 75 H,0* 
0°02 — — _— H,0 
106°73 99°75 99°6 100°01 101°5 Total 
— _— 1°682- 1-685 1-709 — a 
— — 1:688 1°712 — B 
_— — 1:694- 1-695 1:716 _ ¥ 
—_ — 46°(calc) 60° - 70° — 2vV, 
_ _— — _ _— L(@ODAa 
_— —_ _— — _— 1(001). 
— — _— 11°-25° — L(QO1D)Ay 
_ — _ 3°52 — D 
Numbers of ions on the basis of 14 (O,OH) 
1-959 2°018 1:923 1:971 2°078 Si 
3-000 3-000 3-000 3°000 3°000 Al 
1-012 | 09447 = 1014 | 0961] 0°70 | pne Al 
_— 1:19 — pur 1:19 — pe — a 7 Ti 
0°177 7| . 0: o176 | 0°103 - | Fe** 
1/144] 293 1-252 0°543 } 0-576 Mg 
0°85 | 0:749 0599 | 0:553 | 0°519 | Fe** 
0-000 — 0:007 0-880 1°106 Mn 
0-000 baa — + 204 0-017 L190 0-010 }1-99 — 1220 Ca 
01 509 | _ | 0°015 _ | _ | Na 
0:009 — 0:030 _— _ K 
3°490 4016 3°992 3°94] 4:030 OH 
42:7 36°7 31°5 28-0 23°5 Atom Fe 
57°3 63°3 68:1 27°5 26°2 % Mg 
_— — 0-4 44°5 $0°3 Mn 
31 Chloritoid, , glaucophane- epidote- chloritoid, schist, Cortina, Italian Alps (Kienast and Triboulet, 1972). 


Awol BA Mn. Son we 
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Chloritoid, associated with garnet, talc, omphacite and chlorite in coronite replacing olivine, metagabbro, 
Allalin, Valais, Switzerland (Chinner and Dixon, 1973). (Assumed water content. ) 

Chloritoid (sismondin), vein in metagabbro, Allalin, Switzerland (Bearth, 1963). 

Chloritoid (ottrelite), border of quartz vein cutting metamorphic slates. Ottré, Belgium (Fransolet, 1978). 
Anal. J-M Speetjens and A-M Fransolet: (analysis corrected for 1:4% quartz). Mixture of monoclinic and 
triclinic polymorphs). 

Chioritoid (ottrelite), detritai grains. Ardennes, Beigium (de Bethune, 1977). Probe analysis; HO caiculated 
on the basis of 4(OH). 
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Al + Fe** 


Fe?* + Mn 30 50 10 
(b) Me 





Fig. 356. (a) Compositions of chloritoids detailed in Table 78 showing the variation of Fe?*, Mg and 


Mn. Rroken lines enclose chioritoid compositions in Halferdahl’s (1961) comnilation. Solid circles, 
chloritoid from the Leinster massif, County Wexford (after Brindley and Elsdon, 1974). 
(b) Variation in the composition of the octahedral layer [ideally (Fe?* + Mn, Mg); (Al,Fe**)] of the 
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chloritoids detailed in Table 78. Broken line encloses the variation in the composition of the octahedral 
layer in the chloritoids of Halferdahl’s compilation. 


ing to the substitution of Fe 107 re mM. iff those ch 
fluorine this anion is only present in very small amounts and it is 
whether it is substituting for (OH) or derived from inclusions of apatite. 

The dependence of the equilibrium temperature on the relation between P,, ,, 
and P. ,,, for the reactions: 


“iy ehlinrite + Lbanlinite — chlaritaidA + quartz -Auwannir 
Aly WELLWLILe ' AGQUVILILIILS VIMIVLITVIM TF C vapvul 


(2) chlorite + paragonite + quartz = chloritoid + glaucophane + vapour 

(3) chlorite + paragonite + quartz = chloritoid + albite + vapour 

has been calculated by Hoschek (1969) using a number of mathematical and 
graphical techniques. The calculated P- 7 curves for reactions (1) and (2) are il- 
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MUOLIGUeU LLL DIB. JIT, ang snow tnat tne PVaclurvil temperatures QALY CULIIULIAUIY 


reduced as the water pressure relative to the total pressure is reduced. Thus at a 
total pressure of 5 kbar the temperature of reaction (1) is © 425°C at Xy,0 = 1:0 
and © 340°C at X,, . = 0°5. The pressure- temperature stability fields of the pro- 
ducts of reactions ( ? and (2) are enlarged under conditions of P,,.5 < P,,,,, and at 


ncertain 


c 


a 


Cation Distribution 


Data on the partition of manganese between coexisting chloritoid and chlorite in 
the very low grade, manganese-rich, greenschist facies rocks of the Venn-Stavelot 
massif, Ardennes, show that manganese has a marked preference for chloritoid 
(Kramm, 1973). This preference has been noted also by Brindley and Elsdon 
(1974) for the phyllites of the Leinster massif at Ballyprecas, County Wexford, 
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Fig. 357. Calculated pressure- temperature curves for the reactions: 1. chlorite + kaolinite = 
chloritoid + quartz + vapour. 2. chlorite + paragonite + quartz = chloritoid + glaucophane + vapour 
at My,9 =1°0, 0°5 and 0-1 (after Hoschek, 1969). 


Ireland. Here the chloritoids have high content of manganese (10°26 and 8°30 
wt.%MnO and compositions Fegs.55 M8o-0s Mn33.35 and Fees.7 Mgo.1 Mnsi. 2). 


This substantial replacement of iron by manganese reduces the stability 
temperature of the chloritoid compared with that of the pure Fe-chloritoid and is 
probably the reason for the presence of the mineral in these very low grade rocks. 


Other data on partitioning of manganese between chloritoid and chlorite are 


given for the mineral pair in the kyanite zone pelitic schists in the Lincoln Moun- 
tain quadrangle, central Vermont by Albee et a/. (1965), for the chloritoid- 
chlorite- phengite- quartz greenschist facies assemblages in the metapelites of 
western Crete by Seidel et a/. (1975), and for the chloritoid- chlorite- muscovite- 


ran : he: ita o lie f Dl 
paragonite- biotite zone metapelites of Blackwater Ridge, British Columbia by 


Cruickshank and Ghent (1978). 

Distribution data relating to the partitioning of Fe?* and Mg for coexisting 
chloritoid and garnet (Albee ef a/., 1965; Rumble, 1971; Kramm, 1973; Lal and 
Ackermand, 1979), chloritoid and chlorite (Albee ef a/., 1965; Kramm, 1973; 


Cruickchank and Chent 1078: Tinn and Chen 1078) and chloritoid and 


Cruickshank and Ghent, 1978; Liou and Chen, 1978), and chloritoid and 
staurolite (Rumble, 1971; Lal and Ackermand, 1979) are illustrated in Fig. 358 a, 
b, c respectively. 

The compositions of chloritoid, chlorite, garnet, talc and omphacite, 
developed in the garnet coronas around original olivine sites in the metagabbros 


af tha Allalin anhinht nt 1 1 i 
of the Allalin ophiolite intrusion, Valais, Switzerland, are given by Chinner and 
Dixon (1973). 


Quy 


Experimental Work 
f 


The first synthesis of chloritoid, at pressures between 40000 and 25000 atm and 
temperature of 700 and 900°C respectively, by Coes was reported by Roy and 
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Chloritoid (Fe’*/Mg) 





Chloritoid (Fe**/Mg) 
a 
ot 
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Fig. 358. Distribution of Fe?* and Mg for coexisting (a) chloritoid~ garnet, (b) chloritoid - staurolite, 


ane ana, ane 


(c) chioritoid- chiorite pairs. A, Albee et ai. (1565); RK, Rumbie (1971); K, Kramm (1973); L, Liou 
and Chen (1978); C, Cruickshank and Ghent (1978); LA, Lal and Ackermand (1979). 
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Tuttle (1956), and followed the observation 
position crystallized at 1 atm and temperatures below 1205 °C t hercynite + 
iron-cordierite (Schairer and Yagi, 1952). Melting was found to begin above 
1205 °C and as the temperature increased was followed by a sequence of stable 
phases, hercynite + mullite + “liquid, hercynite + corundum + liquid, corundum + 
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(1961) synthesized hydrous chloritoid at fluid pressures between 1 and 30 kbar 
and temperatures of 575 and 700 °C respectively. Halferdahl also showed that 
chloritoid decomposed to hercynite + iron-cordierite in the pressure - temperature 
range 2 kbar, 600 °C, to 7°5 kbar, 700 °C, and to staurolite + almandine + her- 
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curves for the reactions chloritoid = hercynite + iron-cordierite + vapour, and 
chloritoid = staurolite + almandine + hercynite + vapour are shown in Fig. 363, 
p. 885. The experimental reversal of the reaction chloritoid + Al-silicate = 
staurolite + quartz + water at 545 + 20 °C and pressures between 4 and 8 kbar has 
lane wane neta L-, Llnn-hal (10279. 
UCCILIC pulley VY FIVSTlcA (i70/ J. 

A theoretical analysis of the stability of chloritoid, together with some ex- 
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perimental data relevant to the general equilibrium relations in the system 
FeO - Ai,0;-Si0,-H,0-O, as a function of total pressure, temperature and 
oxygen fugacity, has been presented by Ganguly (1968) and Ganguly and Newton 
(1968). The moderate to high pressure-temperature conditions considered by 
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which chloritoid commonly coexists with staurolite, garnet, kyanite, magnetite, 
hematite and quartz. 

The equilibrium conditions, using starting mixtures of synthetic chloritoid, 
staurolite and magnetite and natural quartz, for the oxidation reaction: 


S4FeAl,SiO,;H>2 + SO, = 12Fe,Al 9Si,024H + 10Fe30, + 6Si0O, + 48H,0 (1) 


chloritoid staurolite magnetite quart? 
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have been determined in the pressure range 10-25 kbar at oxygen fugacity of the 


7o~ 


hematite- magnetite buffer and at 19°5 kbar for the nickel- nickel oxide buffer 
(Ganguly and Newton, 1968). The experimental results at the HM buffer are il- 
lustrated in Fig. 359a, and show that in the pressure range 10-25 kbar the 
average slope for the reaction is 233 bars/°C.) At the lower oxygen fugacity of 
the NNO buffer the stability of chloritoid is increased by some 50 °C. Under the 


latter conditions the breakdown products include abundant almandine (detected 


only in small amounts at higher pressures at the higher oxygen fugacities of the 
HM buffer) and indicate that the reaction: 


19FeAl,Si0O7H2 +4/30,2 = 4Fe,Al ySi,024H (2) 
chloritoid staurolite 
+ Fe;Al,Si;0;2 + 8/3Fe;0, + 17H2O 


almandine magnetite 


may be more stable than reaction (1) at the lower oxygen fugacities. An extension 


of the breakdown curve for the reaction chloritoid + QO, = staurolite + magnetite 


+ quartz + vapour, derived from the calculated values of AV cm?, AH cal and 
dP/dT, has been constructed by Ganguly and Newton, and shows that at i kbar 
and 1 bar the dehydration temperatures are 503 and 295 °C, respectively (Fig. 


359b). 

I]sino mivytures of cr ys alline nroduectce and reactant accemhlacec with eyvrecc 
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water, equilibrium for thet reactions: 
57FeAl,SiOs5(OH).2 + 402 = 12Fe2Al,Si4022(OH) (1) 
chioritoid stauroliie 

+ 3Fe3Al,Si3;0,2 + 8Fe;,0, + S1H,O 
almandine magnetite 

3FeAl,SiO;(OH),. = Fe3;Al1,Si;0;2 + 2Al,0; + 3H20 (2) 
chloritoid almandine corundum 


as functions of P,,.., (range 8-22 kbar), T and f, have been determined by 
Ganguly (1969). The experimental results for the two reactions (Fig. 360) show 


T clanac far raacrtinne (1) 
that they are relatively insensitive to pressure. Thus the slopes for reactions (1) 


and (2) between 10 and 20 kbar are 211-7 and 209°5 bar/°C respectively at oxygen 


fugacities of the NNO buffer. With this buffer, reaction (2) takes place at some 


1 The oxygen fugacity along the curve can be obtained from the equation: 
log Jo, =~ oN + 14-4, + oe where T is in degrees Kelvin. 
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Fig. 359. (a) Oxidation breakdown of chloritoid: 54 chloritoid + 5 O, = 12 staurolite + magnetite + 6 
quartz + 48 H,O. A, hematite- magnetite buffer; B, nickel- nickel oxide buffer. (b) Equilibrium 
diagram for the above reaction (after Ganguly and Newton, 1968). 
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Fig. 360. (a) Equilibrium diagram for the reaction 57 chloritoid + 4 O, = 12 staurolite + 3 alman- 
dine + 8 magnetite + 51 H,O. (b) Equilibrium diagram for the reaction: 3 chioritoid = almandine + 2 
corundum + 3 H,O at oxygen fugacities of the NNO buffer (A) and wiistite-iron buffer (B) (after 
Ganguly, 1969). 


17-20°C lower than reaction (1), and the equilibrium temperature is further 
depressed, by about 30 + 12°C, at oxygen fugacities of the wustite- iron buffer. 
The nan enes! nmhane eelntinnsn in tha capntaene Bal Al LY Qiry fy wrth awnracc 
LH BCMULAL Plladse LULAUUTS TE ULIO SYSULOIIE UV — FALQNI3 ~ OINIZ W727, WILLE CALL OD 
quartz and vapour, as functions of temperature and oxygen fugacity at a constant 
total pressure of about 10 kbar are illustrated in Fig. 361. 
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The possible effects of the substitution of Fe = Mg in chloritoid and staurolite, 
and of the reduction of P,, 0 relative to P.,., on the temperature of the breakdown 


equilibria have been examined by Ganguly (1969). Both effects are believed to be 


small. and the transformation of chloritoid to staurolite i in natural rocks j is COn- 
WJhSSUAL ay ei 4S SA ASAULIAY IAD 40 WWAse 


sidered to occur at temperatures between 500 and 575 °C. 

The stability of Fe-chioritoid at fluid pressures below i0 kbar and oxygen 
fugacities of the Ni- NiO and quartz- fayalite- magnetite buffers has been in- 
vestigated by Grieve and Fawcett (1970, 1974), and their P,.,- 7 curves, based 


mainly on the reversibility of the reactions. are shown in Fie. 362 a.b Chloritoid 
oe AJAR LAE AW YT WA JAUAALEL Wk tL BWAWELEULEY, Mw JAW TIAA SAR AD 46- ge ww AASBWELALWAL 


is unstable above 550 and 575°C at 1 and 2 kbar respectively ‘at the oxygen 
fugacities of the Ni- NiO buffer and breaks down due to the reaction: 


chloritoid + Al-ferroanthophyllite + staurolite + hercynite,, + HO 


The Al-ferroanthophyllite is stable over a small temperature range, 2 50 °C, and 
the assemblage is replaced by aimandine + staurolite + hercynite,, + H,O. The 
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rie 362. -T diagram for chloritoid + excess water (a) oxygen fugacity defined by the 
-NiO puri (b) oxygen fugacity defined by the quartz - fayalite- magnetite buffer. Arrows in- 
dicate direction and location of reversal experiments (after Grieve and Fawcett, 1974). 


slope of the reaction separating the higher pressure ferroanthophyllite, from the 
lower pressure Fe-cordierite, assemblage was not determined experimentally and 
was estimated from thermodynamic data. The reactions are sluggish, e.g. the 
transformation of chioritoid to Fe-cordierite + hercynite,, was not complete after 
5 months at 575°C and 2 kbar, and even at high fluid pressures intermediate 
assemblages containing varying amounts of quartz and corundum were observed. 
The same stable assemblages are aiso developed at the lower oxygen fugacities 
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of the QFM buffer, but are displaced in relation to their disposition in Payig- T 
space for the higher oxygen fugacities of the NNO buffer. Thus in f, - T space at 
constant P,,., the equilibria have negative slopes consequent on the thermal 
breakdown of chloritoid being in part an oxidation reaction that results in 
assemblages containing an Fe**-bearing hercynite.., FeAl,O,-Fe;0., phase 
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The breakdown products, except for the presence of the Al- ferroanthophylllite + 
staurolite + hercynite,, assembiage, are similar to those described by Haiferdahi 
(1961). The temperature of formation of the almandine + staurolite + hercynite,, 
assemblage (Fig. 363), however, is lower, and can probably be ascribed to oxygen 
fugacities ( (in Halferdahl’s experiments buffered by the pressure vessel) differing 


wats 


from those of the NNO and ‘OFM buffers used by Grieve and Fawcett. These 


ta.Asrny. 


authors’ data also differ from those of Ganguly (1969) who investigated the reac- 
tions 


chloritoid + O, + staurolite + almandine + magnetite + H,O and (see p. 833) 
chloritoid + almandine + corundum + H,0 


and are due in part to the different experimental techniques and starting materials 
employed in the two sets of experiments. The relationships between chloritoid, 
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Fig. 363. Experimental data on the stability of chloritoid, A- A’, Grieve and Fawcett (1974), 
Ni~ NiO buffer. B- B’, Halferdahl (1961), unbuffered, C-C’, Ganguly (1969), Ni- NiO buffer (after 
Grieve and Fawcett, 1974). 


Fe-cordierite, hercynite, staurolite, Al-ferroanthophyllite and almandine, 
together with a schematic P,,,,-7 plot that also includes quartz and 
aluminosilicate, at oxygen fugacities of the QFM buffer are discussed in more 
detail by Grieve and Fawcett. 


Thermal analysis. The dehydration curves for two chloritoids were determined 
in air by Bachmann (1956) who reported that the loss of water began at approx- 
imately 400 °C, and that dehydration was complete at 800 °C (Fig. 364). Using 
X- Fay powder diffraction methods, the chloritoids, two-layer monoclinic 
polytypes, were found to undergo a structural transformation to a one-layer 
variant with somewhat larger interlayer spacings. Bachmann suggested that the 
increase in the spacing might be due to the destruction of the hydrogen bonds bet- 
ween layers and proposed the reaction: 


4{Fe3* Al(OH)4 AlsO2 [SiO4]2} + 202 > 4 {Fe3* AlO3A1;02[SiO4]2} + 8H2O 


to explain the dehydration process. The dehydration of chloritoid, both in air and 
in vacuo has been investigated by Jefferson and Thomas (1978) using single- 
crystal methods and electron microscopy. The specimen, polytype 2M, (see 
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p. 870; Table 77); was the same as that used in Harrison and Brindley’ S (1957) 


structure determination. The chloritoid, heated in air and ata partial pressure of 
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Fig, 344. ced dehydration curves. Chloritaid from Iran Region, Michigan (A); Pregatten, 


SRV avs Ca yoss. Naess eee RE RE Saas tVesS Siaaeese Qf a 


Tirol (B), (Bachmann, 1956); Hennensadel, Graubiinden, Switzerland (C) (van der Plas et al., 1958); 
Ottré, Belgium (D) (Fransolet, 1978). 


oxygen of about 1:3 x 10°° Pa, showed no change in crystal morphology. The 
product of the vacuum-dehydrated chloritoid was amorphous whereas the air- 
dehydrated product showed an increase, from 8°88 to 9°36A, in the interlayer 
spacing supporting the dehydration/oxidation reaction suggested by Bachmann. 
The product has a rhombohedral three layered unit cell with a 5-81 and c 28:06A 

The dehydration curve of a manganese-rich chloritoid (Table 78, anal. 34) 
from Ottre, Belgium, given by Fransolet (1978) is, however, in marked contrast 
to those presented by Bachmann, No change | was found at 500°C, but a colour 
change from green to brown occurred at 600°C at which temperature the X- ray 
diffraction pattern became diffuse. 

At temperatures between 700 and 800°C the manganese chloritoid was replac- 
ed by spinel, mullite or sillimanite, and by either braunite, 3Mn,0;.MnSiO3;, or 
bixbyite, (Fe,Mn).O;: at higher temperature the products included cristobalite 
and cordierite. In addition, DTA analysis of the Ottré mineral showed an en- 
dothermic reaction beginning at 670°C and culminating at about 765 °C, follow- 
ed by a slight exothermic peak at approximately 880°C. Endothermic peaks at 
762 and 765°C for two manganese-rich chloritoids, containing 8-0 and 10°8 wt. 
per cent MnO respectively, compared with a peak at 790°C for a chloritoid with 
11 wt. per cent MnO, have been reported b Dy Bustamente-Santa Cruz (1974). A 
chloritoid from Hennensadel, Switzerland, showing an endothermic peak at 
770°C, and a chloritoid from Sierra Nevada, Spain, showing two endothermic 
peaks at 658 and 765°C have been described by van der Plas et a/. (1958) and 
Puga (1970) respectively. Chen (1963) reported a single endothermic peak at 


FOV IM CA. en nhlasitaiA a fe nw. 
fy © ror a Cnioritoia (Table 78, anal, 7) HOM Huelien, Taiwan. 


Alteration of chloritoid to chlorite is not uncommon. Its replacement by ag- 
gregates of kaolinite and boehmite, sometimes accompanied by a carbonate 


phase, has been described by Chinner (1967). Timonite nceudamor 
piimMows, aa BRaaA Sv Shas nite pywuuy Wk 


chloritoid have been noted by Herz (1978). 


Chloritoid 887 
Optical and Physical Properties 


The optical orientation of chloritoid may vary even from one grain to another in 
the same specimen, and chloritoid has been described in which adjacent lamellae 
have monoclinic and triclinic symmetry (Hietanen, 1951; Snelling, 1957). In 
monoclinic chloritoid in which either the a or # vibration direction coincides with 
the y-crystal axis the other two vibration directions have variable positions i in the 
(010) plane; there is a wide range of extinction angles and optic axial angles. 
Although most chloritoids are optically positive with 2V, between 45 ° and 70 ° 
optic axial angles as low as 37 ° have been reported; a small number of chloritoids 


are optically negative with 2V as high as 124 °. In the triclinic polymorph one or 
two vibration directions may lie in the (001) plane but neither needs to be coinci- 
dent with the y-crystal axis, and the observation that a principal optic direction 
lies in the plane (001) is not sufficient to establish that a particular grain of 


chloritoid has monoclinic symmetry. To identify the symmetry it is necessary to 


determine the orientation of the optical indicatrix using universal stage methods. 
In both monoclinic and triclinic chioritoid the angle between a and the normal to 
(001) varies between 2 ° and 30 °, 1(001):8 from 62 ° to 90 ° and 1(001):a from 
67° to 90°. Because the crystallographic directions, other than the (00!) 


cleavage, are difficult to identify with certainty it is not generally possible to 


determine the orientation of a and B with respect to the x- and y-crystal : axes in the 
triclinic polymorph. 

The variation of the refractive indices with composition shows only a limited 
correlation with increasing tenor of = Fe?* + Fe** + Mn, and a useful deter- 
minative chart cannot be constructed. The maximum range shown by the 
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minerals detailed in Table 78 is from a 1°682, B 1:688, y 1°694 for a magnesium- 
rich chloritoid, Fe3;.sMgeg.1Mno.3 toa’ 1°727, p' 1: 729, y 1°733 (calc) f for an iron- 
rich mineral, Feg¢.2Mg3.2Mgo.«. A higher upper limit is listed in Halferdahl’s 
(1961) compilation but the data refer toa sample considered to be unreliable. 
Most chloritoids are dark green to black in colour but pale green, magnesium- 


rich varieties have also been reported. Dusty yellow and brown coloured 


chlioritoid nas been described but the unusual Colour is prooaoly the result OF 
alteration. 

The pleochroism of chloritoid, especially those with more than 80 mol. per 
cent of the iron end-member, generally conforms with the scheme a pale green to 
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green, f slaty blue to indigo, y yellow to colourless. In his survey of the optical 
properties of chioritoid Haiferdahi did not list the pieochroism on the grounds 
that the description of the colours is subjective and because of the variation in in- 
tensity with grain thickness. The pleochroism recorded in a number of more re- 
cent investigations, however, is sufficiently distinct from the above formula to 
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show that a wider range of pleochroism may occur (Table 79). This is particularly 
noticeable in those chioritoids rich in either Magnesium Or manganese. Magne- 
sian chloritoids that are non-pleochroic have been described by Bearth (1963) and 
Herz (1978), and a manganoan chloritoid with a = B pale brown, y brown has 


been reported by Brindley and Elsdon (1974). 

Many chloritoids show strong dispersion, r >v, although the strength of the 
dispersion may be variable in minerals from the same rock series. Thus Puga 
(1970) has reported 2V, values of 30 ° and 38 °, 36 ° and 56 ° and 50 ° and 62 ° 
for violet and red light respectively for chloritoids of the Filabride series, Sierra 
Nevada, Spain. Anomalous interference colours are also a common feature of 


chloritoid. 
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Table 79. Chloritoid pleochroic formulae 


a B y Reference 

olive-green pale blue yellowish green Tilley (1925). 

grey-green indigo blue pale golden yellow Guppy and Sabine (1956). 

olive yellow pale yellow pale yellow-colourless Fransolet (1978). 

olive-green - light bluish green-indigo — greenish yellow-grey Pavelescu (1968). 

yellow 

green-greyish green slaty blue- bluish pale greenish yellow Chen (1963). 

green 

bluish green greyish blue light yellow Vrana (1964). 

pale green- yellow slaty blue pale straw-yellow Ventkatesh and Malhotra 

green (1960). 

green-blue-green violet-blue- greenish colourless - pale Puga (1970) 

yellow blue yellowish green 

pale brown pale brown brown Brindley and Elsdon 
(1974). 

pale yellow green slaty blue pale greyish brown van der Plas (1959). 

colouriess colourless colouriess Bearth (1963). 

colourless colourless colourless Herz (1978). 


Zoning is present in some chloritoid, the cores of which are generally more 
iron- Or manganese-rich and the marginal areas richer in magnesium, e.g. the 
chloritoid in the metapelites of the Horsethief Creek group, British Columbia, 
described by Cruickshank and Ghent (1978). Hour-glass structure in chloritoid, 


shown by slight colour differences or by the concentration of inclusions within 
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the hour- glass, is not uncommon. Observations by Halferdahl (1961) on 
chioritoids from many localities indicate that the long axis of the hour-giass is 
parallel to (001). 

Repeated twinning is common in chloritoid with the composition plane parallel 
to the basal cleavage {001}, i.e. the plane of the brucite-type sheet or the 
corundum-type layer. Harrison and Brindley (1957) have shown that only three 
twin axis directions [100], [130] and [130] are permissible with the brucite-type 
layer, and [010], [110] and [110] with the corundum-type layer as the composition 


plane. As [130] and [130], and [1 10) and [110] are related by the space group sym- 


metrv. and [O10] is the twofold axis of the snace groun. the unique twin axes in 
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the monoclinic polymorph are [100], [110] and [130]: all three twin axes have 
been observed. Twinning about the zone axes [210], [120], [310] and [230] also 
has been reported, and it is likely that twins about these axes are developed in the 
triclinic polymorph of chloritoid. 


The common hahit of chloritoid in 
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The crystals may display a dimensional orientation parallel to, but more fre- 
quently inclined to, the plane of the schistosity. Evidence of the paratectonic 
growth of chloritoid may be shown by the disposition of inclusions within the 
crystals in relation to the grain orientation in the schistose matrix. The criteria for 
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grown simultaneously or at different times, based on the textural relationships, 
have been discussed by Vernon (1977). The growth mechanism of chioritoid por- 
phyroblasts, whether by displacement of the matrix or by chemical replacement 
has been considered by Zwart and Calon (1977). Particularly where chloritoid has 


crystallized ina low stress environment the mineral accure in nhimoace or ctellate 
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sheaf-like groups or rosettes of radiating crystals. 


Chloritoid 889 


The stability fields of the monoclinic and triclinic polymorphs have not been 
determined experimentally. Aithough both polymorphs are sometimes present in 
the same rock the monoclinic form has been reported to occur most frequently in 


those of higher grade (Vrana, 1964; Velde, 1967), and the triclinic form in those 
of lower grade (Nigsli. 1960: Gueirard. 1962: Koonmans. 1962: June. 1963: Boc- 
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quet, 1974). In his study of the symmetry of chloritoid in the mica schists of 
northeast Galicia, Spain, Capdeviiia (1968) found that the triclinic polymorph 
only is present in the rocks of the chlorite zone. Both polymorphs occur together 


in the biotite zone but under these conditions Capdevilla considers that only the 


monoclinic form is present asa stable phase. In the almandine zone M-chloritoid 
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is the sole polymorph in the andalusite schists but both forms coexist in the 
kyanite-bearing assemblages. A comparable distribution of M- and T- chioritoid 
also occurs in the andalusite and kyanite assemblages of the staurolite zone. It 
thus appears that the temperature of formation of chloritoid is the main factor in 


determining whether the triclinic or monoclinic polymorph crystallizes. a lower 
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temperature favouring the triclinic and high temperature the monoclinic form, a 
view not inconsistent with the occurrence of T-chioritoid in hydrothermal veins 
and similar parageneses. 


The infrared absorption spectra of chloritoid have been measured by Moenke 
(1962) and by Fransolet (1978). The polarized optical absorption spectrum of a 
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chloritoid, Fe?* 16:0, Fe?* 4:6, Ti 2°5 atom per cent, has been measured by Faye 
et al. (1968). 


Distinguishing Features 


The chloritoid pleochroic scheme, high relief, frequent lamellar twinning, and 


strong dispersion are usually sufficiently diagnostic for its identification. 
Varieties with low birefringence and anomalous interference colours can be 
distinguished from chlorite by higher refractive indices. Clintonite has a smaller 
optic axial angle and negative sign; green coloured biotite and stilpnomelane both 
have a higher birefringence and single cleavage. 


Paragenesis 


Chioritoid is a relatively common constituent of low to medium grade regionally 
metamorphosed pelitic sediments, particularly those rich in aluminium and ferric 
iron, and poor in calcium, magnesium, potassium and sodium. It also occurs in 
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associated with chloritoid-bearing metasediments, and in hydrothermally altered 
rocks. 

A very detailed compilation of chloritoid-bearing assemblages has been given 
by Halferdahl (1961). The assemblages are classified in five categories: (1) low- 


oradea echicte and cimilar racke (12 accambhlagac): “9 hioh gorada erhicte and 
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similar rocks (8 assemblages); (3) rocks of contact aureoles and similar en- 
vironments (7 assemblages); (4) emeries (5 assemblages); (5) hydrothermal veins, 
hydrothermally altered rocks and other mineralized rocks. 

The main chemical features of chloritoid-bearing rocks are listed by Halfer- 
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dahl as: a wide range of silica contents; somewhat more alumina than the total 
mafic oxides (FeO + Fe2.0; + MnO + MgO); an excess of alumina after 
calculating KO, Na2O and CaO as muscovite or biotite, paragonite or albite, and 
margarite or epidote respectively; more FeO + MnO than MgO; and more FeO + 
MnO than Fe,O3,. These limitations imposed on the formation of chloritoid by 
the bulk composition of the host rocks, based on 210 chemical analyses are il- 
lustrated in Fig. 365, the SiO, histogram of which shows three modes that can be 
corelated with the occurrence of chloritoid in emeries, pelitic schists and impure 
quartzites respectively. 

A more recent list of chloritoid-bearing assemblages has been presented by 
Hoschek (1967). The same author has also reviewed the composition of 
chloritoid-bearing sediments, and has shown that their compositions are more 
restricted than those of the same grade in which chloritoid is not present, and are 
characteristically poorer in lime and alkalis, richer in alumina and have lower 
Mg: Fe ratios. The compositional field is also shown to be more restricted than 
that of staurolite-bearing metasediments (Fig. 366). 

In regionally metamorphosed pelitic rocks the formation of chloritoid first ap- 
pears under the P-T conditions approximating to the beginning of the 
greenschist facies. The chloritoid-forming processes in these early, fine-grained 
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Fig. 365. Histograms showing variations and restrictions in the chemical composition of 210 
chloritoid-bearing rocks. (a) Weight per cent SiO.; (b) - (e) mol. ratio of oxides (after Halfer- 
dahl, 1961). 
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(c) 
Fig. 366. Compositional range of chiloritoid-bearing rocks (stippled area) illustrated on 
(a) Al,O;-(Fe,Mg)O-(K,Na).0. (b) Al,O,-CaO-(Fe,Mg)O. (c) Al,O;-FeO-MgO diagrams. 
Broken line encloses compositional fields of staurolite- bearing rocks (after Hoschek, 1967) 


phyllites are generally assumed to involve reactions between chlorite and an 
aluminous phyllosilicate: 


chlorite + Al-silicate (kaolinite, pyrophyllite) = chloritoid + quartz + H.O 


In the upper part of the greenschist facies, Hoschek (1969) has suggested that the 
reaction: 

chlorite + white mica = chloritoid + biotite + quartz + H,O 

may take place, and has related the rarity of the association of chioritoid with 
biotite to the highe er temperature necessary for this reaction approaching that of 
the upper stability of chioritoid. 


The temperatures of formation of chloritoid estimated mainly on the basis of 
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oxygen isotope fractionation in coexisting minerals, have been given by a number 


of investigators. A range from about 460 to 550°C for assemblages in the 
chloritoid - biotite and staurolite— biotite zones of the regionally metamorphosed 


rocks of the Esplanade range, British Columbia, has been determined by O’Neil 
and Ghent (1975), and an unner limit of 2 600°C for chloritoid in kyanite- 
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bearing pelitic schists i 1S given by Garlick and Epstein (1967). 


Prior to the recognition that the formation of chioritoid is not restricted to 
rocks of suitable bulk composition that have undergone regional metamorphism, 
shearing stress was regarded as an essential factor for the development of the 
mineral (Harker, 1932). In some areas the formation of chloritoid-bearing rocks 
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is not inconsistent with this view, as for example the development of chloritoid in 


the pelitic gneisses at Unst, Shetland Island, ascribed by Read (1937) to a disloca- 
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tion metamorphism, and the formation of chloritoid phyllitic slates in thrust 
zones in the metasediments of the Pakhal formation, Yellandlapad area, Andhra 
Pradesh, India (Rao, 1969). In the Hecla Hoek series, Spitzbergen (Atkinson, 
1956), chloritoid is stated to be present only in the metamorphosed pelitic 
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cant, however, that the chloritoid at this locality has crystallized without distor- 
tion around the apices of sharp folds and is randomly oriented in the plane of 
schistosity. In this and in most areas the formation of chloritoid began during the 
later part of the paratectonic phase of the deformation responsible for the 
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chloritoid has crystallized, as small porphyroblastic crystals with little or no 
orientation in relation to the schistosity, during a post-tectonic episode. 
Moreover, chloritoid is not infrequently absent in rocks of the requisite composi- 
tion that have been subjected to intensive shearing stress. Thus chloritoid is not 


: 
nrecent in the gnanec markad hy mulanitizatinn and the develnanmant of intence 
PEO Lh LIN LULL MIGINRM UY TLYIUEUIZaAUU Gi UI UN VOLO pPEItat UE PO 


schistosity in the metasediments of the central Sierra Leone schist belt (Marmo, 
1958), whereas in the adjacent, less dynamically affected, rocks, chloritoid occurs 
as well formed and unbroken crystals that are essentially post-tectonic in origin. 

Both chloritoid polymorphs may occur together in some metapelites. The 
monoclinic and triclinic polymorphs, however, are typically associated with 
assemblages formed under higher and lower grade conditions respectively. The 
chloritoid present in hydrothermal veins is the triclinic polymorph. 

The topological relationships of chloritoid-and staurolite-bearing assemblages 
have been discussed by Korikovskii and Teleshova (1970), anda petrogenetic grid 
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for middle-temper ature metapeiites aeaucea tneor etically on tne oasiS Of analysis 
of the concentration diagram for the system SiO2- Al,03- Fe.0;- FeO-MgO- 
CaO-K,0-Na,0-H,0, and illustrated by possible types of P- T diagram, has 
been presented by Kepezhinskas and Khlestov (1977). 

Lower grade assemblages. Very low grade greenschist facies rocks in which 
both chloritoid- phengite- paragonite- chlorite - garnet - quartz— hematite- rutile 
and __phengite- paragonite - chlorite- garnet -quartz- haematite-rutile assem- 
blages are present occur in the southern Venn-Stavelot massif, Ardennes 
(Kramm, 1973). The chloritoids (Table 78, anal. 30) are rich in manganese and 
have a compositional range of 40-75, 8-22 and 18-36 mol. per cent for the Fe, 
Mg and Mn end-member components respectively (Fig. 367). The coexisting 
chlorite has a considerably smaller content of manganese (up to 4 mol.% Mn- 
chlorite), and the garnet is rich in the spessartine molecule. Both assemblages 
have developed under isofacial conditions, and the formation of one or the other 


can be related to their bulk composition. The chioritoid- bearing assemblage is 

restricted to those rocks with (2Fe.O; x 100)/(2Fe.0; + FeO) less than 85-90, 

with the chloritoid-free assemblage occurring characteristically in rocks with an 

oxidation ratio > 90 per cent. The common mineral association, apart from 

chloritoid, of both assemblages indicates that chloritoid is the most sensitive 
aa te meee ae ab 22---- 2 tsi ne eh oe 


phase lO the change in the oxidation ratio, and the transition between the two 
assemblages may be defined by the reaction: 


Al4SisO10(OH)s + (Fe,Mn,Ti)203 +> (Fe,Mn)2Al4Si20;9(OH), 


kaolinite (Mn,Ti)-hematite chloritoid 
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quartz rutile 
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Fig. 367. Compositional fields (stippled) of chloritoid, chlorite and garnet in the isofacial 
assemblages _ chloritoid- phengite- paragonite - chlorite- garnet - quartz- hematite- rutile and phen- 
gite- paragonite- chlorite- garnet- quartz- hematite-rutile assemblages of the southern Venn- 
Stavelot massif, Ardennes (after Kramm, 1973). 


There is a marked difference in the composition of the chlorite in the two 


assemblages, being Fe-rich in the chloritoid-bearing and (Al Mg)- rich in the 
a a ov 115 45 V BAgiv¥ 


chloritoid-free assemblage and it is likely that chlorite is also involved i in the for- 
mation of chioritoid according to the reaction: 

Kaolinite + Mg-rich chlorite + (Mn, 
rutile + quartz + H.0 + O, 


Other investigations of manganese-rich chloritoid (ottrelite) from the Venn- 
Stavelot massif include those by Bustamente-Santa Cruz (1974)) and de Béthune 
(1977). Analyses of five chloritoids presented by the first author show MnO 
values ranging between 6°4 and 16°2 wt. per cent. A recent account of the mineral 
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Bustamente-Santa Cruz and de Béthune, is given by Fransolet (1978). The 
minerai (anal. 34), a mixture of the monoclinic and triclinic polymorphs, contains 
44:5 mol. per cent of the ottrelite component, and occurs in flakes and aggregates 
at the margin of a quartz vein cross-cutting metamorphic slates of the Stavelot 


macaf 
Wiassii. 


The paragenesis of chloritoid in the progressively metamorphosed Upper 
Triassic (Keuper) red-beds, the Liassic black shales and the Bundnerschiefer of 
the central Swiss Alps has been studied by Frey (1969, 1974, 1978). In the 
epimetamorphic schists of Keuper age the first appearance of chloritoid appears 


et orobably to be a product o tho raacrtinn 
most vi uaiye apiv we of tne reaction: 
\l-rich chlorite + Ti-hematite > chloritoid + ripidolite + rutile + H,O0 + O,; 
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Pyrophyllite and chlorite are present in the assemblages of the lower grade (an- 
chizone) | Liassic rocks, in contrast to the chloritoid - + quartz- bearing assemblages 


gested by Zen (1960a), of the reaction: 
pyrophyllite + chlorite > chloritoid + quartz + H,O 
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The formation of chloritoid, from the reaction between pyrophyllite and chlorite, 
in the biack shaies of the Aar massif has been described by Frey and Wieland 
(1975). Chloritoid and margarite, with dolomite and/or calcite occur in the more 
marly low grade Liassic rocks, but as the grade increases, e.g. in the Lukmanier 


Pass area, chloritoid is either pseudomorphously replaced by chlorite + white 


mica, or is present as relics surrounded by zoisite possibly due to reactions of the 


anklnwisntA mo leaten | nwAtene aca ~ .jk1l. vfs. oN yan 
cmioritoid + calcite + quartz + H,O0 > chlorite + margarite + CO, (i) 
chloritoid + calcite + quartz + H,O — chlorite + zoisite + CO, (2) 


In the enimetamorphic Bundnerschiefer 
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1e epimet 
and marly rocks, and the assemblage chloritoid- garnet has been 
higher calciferous mica schists by van der Plas (1959). 

The occurrence of chloritoid in very low grade slates of the Carboniferous and 


Devonian in the Pyrenees has been described by Zwart (1959). The mineral is pre- 
sent as small idioblastic tablets (O0:1-0°3 mm and 0-01 and 0:04 mm thick) and i 
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sieved with inclusions of the matrix phases including sericite, quartz, graphite and 
oxide minerais. The inclusions exhibit a helicitic structure that is commonly in 
continuity with the folds of the slate. The presence, however, of slightly bent or 
fractured crystals, and others with a preferred orientation in the fracture cleavage 
plane, show that the formation of the chloritoid began late in the development of 
the fracture cleavage and continued into the post-kinematic stage. 

The typical greenschist assemblage, chioritoid-phengitic mica-chlorite- 
quartz, in the metapelites of western Crete has been described by Seidel 
et al. (1975) and Seidel and Okrusch (1977). Ferrocarpholite [(Fe,Mg)A1,Si,0¢- 


(OH),]-bearing schists are present in the central part of the island. In the phyllite 


of eastern Crete, pyrophyllite is stable with chlorite, and the occurrence in the 
central region of chloritoid-ferrocarpholite-chlorite-phengitic mica- quartz 
assemblages has most probably developed as the result of the reaction 


pyrophyllite + chlorite > chloritoid + ferrocarpholite as the temperature increas- 
ed (Vicewanathan and Seidel 1070) The nnccihility that the ahcancra vf farrarar 
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pholite in the chloritoid-bearing metapelites in western Crete is due to differences 
in the buik composition of the original sediments has been considered by Seidel 
and Okrusch (see also de Roever, 1977). They favour, however, an explanation 


(Fe Mp)-carpholite. + chlorite, 
+ (Fe,Mg)-carpholite, _, + (Fe,Mg) chloritoid, ., + chlorite, ., + quartz +H,O0 


+ (Fe,Mg)-chloritoid, + chlorite, + quartz + H,O 


This gliding reaction is illustrated in Fig. 368a showing the atomic ratios, 
Al-Fe-Mg of a chloritoid-ferrocarpholite pair and a chloritoid- chlorite pair 
from central and western Crete respectively. The small change in | composition of 
the chloritoid during this reaction is also illustrated in Fig. 368b in which the 
Fe/Mg distribution of the chloritoid-carpholite pair from the Crete phyllites is 
shown together with a similar pair from the presumed higher grade 
metasediments of Calabria, southern Italy (Dubois, 1976). 

The association of chloritoid, (Fes. Mego. 2)AIAI3Si20 10(OH)«, and 
magnesiocarpholite, (F Feds. 3Mgo. IMAlo. .95F eg. SJAISi206(OH)a, in the high 
pressure- low temperature metamorphosed bauxites along the western margin of 
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Fig. 368. (a) Al-Fe-Mg atomic ratios of & , chloritoid-ferrocarpholite pair from central Crete.¢, 


chloritoid - chlorite pair from western Crete. 00, respective bulk rock compositions corrected for 
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phengitic white mica (after Seidel and Okrusch, 1977). (b) Hypothetical T-X diagram illustrating 
the Fe-Mg distribution of coexisting chloritoid - (Fe,Mo)-carnholite nairs from central Crete and 


Calabria, southern Italy. Central Crete rock bulk : composition shown by open: square (after Seidel and 
Okrusch, 1977). 
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n recorded by Goffé and Saliot 
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the southern Vanoise basement, France, has 
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(1977). The chloritoid and magnesiocarpholite o occur in intimate association and 
appear to have crystailized simuitaneously, and occur together with pyrophyilite 
and diaspore + paragonite + chlorite. The latter mineral is rarely observed with 
chloritoid and magnesiocarpholite in the presence of diaspore and Goffé and 
Saliot suggest that the formation of the chloritoid and magnesiocarnholite are the 
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result of the reaction: 
1°26 chlorite + 4°32 diaspore + 0°75 pyrophyllite : =1°4 chloritoid 


aaqmeciarars olite + 1.1€ LT 
+ 2 magnesiocarpholite + 1:15 H, 
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vol.%) and Fe-Ti oxides, occur in a thick sequence of marble and chlorite schists 
in the Pre-Tertiary metamorphic basement of Taiwan (Liou and Chen, 1978). 
Chloritoid-bearing schistose rocks in which the schistosity is defined by alter- 


nating chloritoid - Fe-Ti oxides and.chloritoid-chlorite- white mica-quartz 


layers and considered to represent compositional variations inherited from the 


original parent materials, are also present in the pods and lenses. The chloritoid- 
rich rocks are extremely poor in silica and rich in alumina and iron and titanium 
oxides, and are comparable with lateritic compositions derived from basic ig- 
neous rocks. Liou and Chen have suggested that the parent materials for these 


Lincttata chek 1 vs : . . 
chloritoid-rich lenses were lateritic soils derived by the weathering of basaltic 


layers in a limestone terrain that subsequently suffered a reduction of the ferric to 
ferrous iron during a low grade metamorphism. 
The paragenesis of chloritoid in the regionally metamorphosed pelitic rocks in 


the classical area of northeast Scotland, was originally described by Barrow 
(120R\ and la ter by Wilhamenn (1082) and Da rtecus (1072) The coactal cactinn 
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southwest of Stonehaven has been re-examined by Chinner (1967). Here, 
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chloritoid makes its first appearance in muscovite-chlorite-albite- quartz (+ 
garnet) schists. The lowest grade assembiage of chioritoid + muscovite + chlorite 
is succeeded by chloritoid + muscovite + garnet. At higher grades the assemblage 


consists of chloritoid + muscovite + chlorite + staurolite, quartz and alkali 
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forming reaction was not identified but, following Zen (1960a), Chinner 
favoured its development by the reaction: 


o™~ 


paragonite + chlorite + quartz > chloritoid + albite + H,0 
Da the tdantifiadn hlor sa_hka phicto in tha 

rar agonite was subsequently iaentifiea in two chi Vi toid-bear ing scnists in tne 
chlorite zone north of Stonehaven by Baltatzis and Wood (1977). These authors, 
however, consider that in this area the reaction is an unlikely model for the initial 
chloritoid-producing mechanism, and that paragonite and chloritoid coexist 
stably at low v grades provided garnet and biotite are - absent and the bulk rock ratio 
Ala /f(AToA Lb wrantar tha n.94 al¢#h Ihhae neadasn the wmaier hannma 


INA/ INA J K) iS &Bitatel tnan Vd; although at higher Braue tne Pall VULUIIL 


unstable and with quartz react out due to the reaction: 
4FeAl,SiO;(OH)2 + SNaAl;Si;0;0(OH)2 + 4S8i02 


chloritoid paragonite 
H) 4. ExnIn, AIO: OY 42 aon 
= 2Fe2,Al9Sis023(0H) + SNaAiSi;03, + 8H20 
staurolite plagioclase 


Chloritoid-bearing assemblages, —chloritoid-chlorite-staurolite- biotite, 
chloritoid-chlorite-staurolite, | chloritoid-staurolite-biotite (rare) and 
chloritoid - staurolite- garnet- biotite (rare), occurring above the chloritoid 
isograd are described by Baltatzis (1979a,b). More iron- and magnesium-rich 
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chloritoid and the formation of staurolite in the two differing bulk compositions 
is related by Baltatzis to the reaction: 
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Fig. 369. AFM (A = mol. Ai,0;-K,0, F = moi. FeO, M = moj. MgO) diagrams showing 
(a) lower-grade assemblages. 1, chloritoid-chlorite. 2, chloritoid-biotite. 3, chioritoid- 
biotite~ garnet. 4, chioritoid - chiorite- staurolite. (b) higher-grade assembiages. 5, stauroiite- biotite 
- (chlorite)?. 6, garnet-staurolite-biotite in Dalradian rocks north of Stonehaven, northeast 
Scotiand. Solid soiution ranges are hypothetical. Piagiociase, muscovite and quariz stabie with aii 
assemblages (after Chinner, 1967). 
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chloritoid + quartz > staurolite + garnet + H2O 
in the iron-rich metapelites, and to the reaction 
chloritoid + chlorite + muscovite + staurolite + biotite + quartz + H.O 


in the more magnesium-rich metapelites. 


In the metanelitec of the Machhad resionn northeast Iran (P 
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Lesco, 1979), chloritoid porphyroblasts, set in a groundmass of quartz, sericite, 
graphite, biotite, chlorite and ilmenite, are commonly inclined to the foliation; 
the mineral also occurs as tabular crystals the long axes of which are both perpen- 
dicular and parallel to the foliation. Rotation of those porphyroblasts inclined to 


the foliation. chown hv the cantinuity of ciamoidal-chaned inclucion traile with 
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the S-plane, and the associated pressure shadows around the chloritoid, are in- 
dicative of crystal growth during a period of flattening perpendicular to the folia- 
tion. The presence of graphite, biotite and ilmenite in the matrix of the phyllite 
suggests that the oxygen fugacity was low during the metamorphic process. The 


chloritoids have triclinic symmetry, vary in composition within the ranges 
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80°5-87:1, 10°0-14°7 and 2°4-7°8 mol. per cent for the Fe-Mg-and Mn-end- 
members, respectively; some grains show slight zoning from more Mn-rich cores 
to more Fe-rich rims. 

A somewhat similar, mainly post-kinematic, development of chloritoid in the 
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Veporide formations, Slovakia, has been described by Vrana (1964). In these 
metapelites of somewhat higher grade, chloritoid and kyanite porphyroblasts oc- 
cur in a groundmass consisting of sericite + quartz + chlorite + biotite. Here too 
chloritoid and quartz are present in concordant lenses and veins in the 
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cement, in a quartzose conglomerate. The chloritoid porphyroblasts in the 
metapelites have developed as tabular crystals in both parallel and in random 
orientation with respect to the foliation. A number of grains enclose inclusions of 
quartz, graphite, sericite, rutile and tourmaline showing a helicite structure but 


the chloritaid ic mainly noct-kinematic in arigin In contract to the Iranian occur- 
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rence the chloritoid (Table 78, anal. 15) consists primarily of the monoclinic 
polymorph in conformity with its location in the higher part of the chiorite zone. 
The formation of small chloritoid porphyroblasts, containing 33°4 mol. per 


cent of the Mg-chloritoid component, in low grade phyllites at Ballyprecas, 
County Wevfonrd Fire hac heen renor ted by Brindley and Eledon (1974). 
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Manganese i IS preferentially partitioned i in the chloritoid relative to the associated 
chiorite, and as the lower thermal stability limit may be defined by the reaction: 
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chloritoid stability to a a lower temperature than more iron-rich chloritoids, and 
the explanation of its presence in rocks of such low grade. 

In the Al- and Fe**-rich, Mg-, Ca- and Na-poor metapelites of the Baikal- 
Patom Uplands, USSR (Petrov, 1969), chloritoid first appears in the 
sericite-chlorite greenschist subfacies in an assemblage containing sericite, 
pyrophyllite and quartz. In the subsequent biotite-chlorite and epidote am- 
phibolite subfacies, chloritoid occurs in kyanite-muscovite-quartz and 
kyanite- garnet assemblages respectively. Chlorite occurs as an additional phase 


in those metapelites less rich in Al and containing more Mg. The ratio of the 
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triclinic- monoclinic chloritoid polymorphs varies with the metamorphic grade 
and is 5: 1 in the sericite-chiorite, 3 : 1 in the biotite-chlorite and 1 : 1 in the 
epidote-bearing rocks. 

Chloritoid is an abundant constituent in the chlorite zone phengitic muscovite 
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dia. The schists may have been derived from lateritic or ferruginous clays and the 
possible derivation of the chloritoid from the reaction: 

chiorite + illite + kaolinite > chioritoid + muscovite + quartz 

has been suggested by Choudhuri (1970). The chloritoid occurrs in narrow laths 
which are mostly oriented parallel to the axial plane foliation. Some of the larger 
crystals show rotational features and the crystallization appears to be syn- to late 
kinematic. 

In the phyllites of the Carolina slate belt in North Carolina, chloritoid is pre- 
sent in both unfractured and fractured rocks, and as a constituent of vein fillings 
(Furbish, 1967). In the unfractured rock the mineral occurs, together with quartz 
and white mica + chlorite in ‘patches’, and is smaller in grain size at the margins 
and larger at the centres of the patches; replacement textures between chloritoid 
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and chlorite are not observed. The grain size relationship i is ascribed to the initial 
location of appropriate composition and to the greater mobility of the chloritoid 
constituents within the confines of the patch. In the fractured rocks chloritoid 
formation was mainly related to the cleavage planes that, as shown by the in- 
crease in grain size towards the fractures, provided channels for the movement of 


the chloritoid constituents. Evidence of rotation is provided by some grains, and 
demonstrates that the crystal growth was penecontemporaneous with a period of 
deformation. The vein chloritoid is associated with hematite and it also encloses 
inclusions of the mineral. The formation of the chloritoid, as shown by the 


absence of magnetite in the veins, thus took place at oxygen pressures above those 


PRN RFE PAPA GAAW EAL 28RD TE STAI PRateo LY G&L AE rey wid AM 


of the hematite- magnetite equilibrium. 

Very low grade chioritoid-bearing rocks are also present in he slate belt of 
western Vermont (Zen, 1960a,b), The typical assemblages are chloritoid- 
chlorite- muscovite- paragonite- quartz, chloritoid-chlorite- muscovite- hema- 


tite-quartz and_ chloritoid-chlorite~muscovite- paragonite- hematite- mag- 


=f 


ag 
netite. The chloritoid, Mg/ (Mg + Fe + Mn) ratio 0” 08, occurs, even in the 
lowest grade rocks, in euhedral crystals, forms rando mly o oriented sheaves of 
microphyroblasts and is commonly intergrown with muscovite. The chloritoid- 
bearing phyllites are intimately associated with others containing stilpnomelane. 


The juxtaposition of these two assemblages is related to differences in original 
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bulk compositions that on metamorphism gave rise to the associations, 
chioritoid— paragonite and stilpnomelane- microcline respectively. 

The occurrence of a_ chloritoid-muscovite- paragonite- quartz-chlorite 
assemblage in biotite zone aluminous metapelites of the Horsethief Creek group, 
southeastern British Columbia, has been described by Cruickshank and Ghent 


(1978). The chloritoid, present ‘mainly as tabular porphyroblasts oblique to the 
schistosity, shows little variation in composition, 85 + 5 mol. per cent Fe- 
chloritoid, and minor zoning consisting of more manganese-rich cores and more 


magnesium-rich rims. Kaolinite and pyrophyllite are present in the lower grade 
rocks of the groun but are absent in the chloritoid-bearing metanelites, and there 
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is a Similar absence of albite in the rocks of this grade. [lmenite and rutile are the 
dominant Fe, Ti-oxides, and other Fe-rich phases in the assemblage include 


Chloritoid 899 
Fe,Mg- carbonates and pyrites. Two possible reactions are suggested by 
Cruickshank and Ghent to account for the formation of the chloritoid. 


a 


(Fe,Mg)- carbonate + rutile + chlorite = chloritoid + ilmenit 


Then anien 12 nhingita Lb nvarts = chilanritn:d + chinsita. +t eritils un 9\ 
ATION FT OUMPUOLILO) FT YUarts CHV ILUIU TF OLEIULITUD F LULL L12V \aj 
in which chlorite, is more aluminous than chlorite.. On the basis of computed 
phase equilibria and oxygen isotope data the assemblage chlorite - paragonite - 
quartz -rutile- (Fe,Mg)-carbonate is estimated to be stable at *360 °C, 5 kbar 


and 0°9 Xoo," 
Chloritoid is widely distributed in the metasediments of Quadrilatero Fer- 


riferg Minac Geraic Rrazil (Herz 1978) and here it accure in nelitic schists. im- 
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pure quartzites and emery that vary in grade from the chlorite to the staurolite 
zone. The composition of the chioritoid is related to the bulk rock chemistry, and 
the mineral is more iron-rich in the phyllites and more magnesium-rich (Table 78, 
anal. 29) in the quartzites. In the more lateritic sediments, Herz suggests that the 


chloritaid wac probably derived hy the reactinn 
WLEELWAIEUIU VI OO A MW ELIL VS vy Usain, reaction: 
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Although the area is considered to be representative of greenschist facies 
metamorphism, in some of the more aluminous rocks kyanite occurs with 
chloritoid, an association usually regaraca as indica 
metamorphism. 

Chloritoid, mainly as single crystals, is reported to be a common constituent in 
the shales, considered to have been derived from the weathered products of 
glacial tills of the Witwatersrand system (Wiebols, 1961). 

In addition to the common mica-chlorite-bearing assemblages, chloritoid oc- 
curs in low grade rocks in association with members of the spidot e group, ac- 
tinolitic amphibole and carbonates. The assemblages, chloritoid + clinozoisite + 
magnetite + pyrites + sphene + rutile + quartz, chloritoid + epidote + chlorite + 
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magnetite + ilmenite + calcite + mica + quartz, chloritoid + corundum + 
magnetite + pyrites + mica + epidote + rutile + calcite, as well ast len iticular layers 
of chioritoid rock (up to 90 vol.%), and probably derived from sediments of 
lateritic origin, occur intercalated in marble and chlorite schists at Shakatangchi, 


Hualien, Taiwan (Chen, 1963). Chloritoid, in various assemblages with chlorite, 
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diaspore, kaolinite, muscovite, pyrophyllite, epidote, magnetite, hematite, rutile 
and more rarely corundum and quartz, is ubiquitous in the lateritic horizons of 
Permian age in northwestern Iran (Kamineni and Efthekhar- Nezad, 1977). The 
chloritoid occurs principally as randomly oriented sub-idioblastic prisms that cut 
across the rock cleavage and its crystallization is essentially post-tectonic. 
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Chloritoid - actinolite- hornblende rocks in the greenschist facies of the 
Kirschir area, T urkey, have been described by Erkan (1976), and the association 
of chloritoid and actinolite in the low grade greenschist metasediments of the cen- 
tral Bosnian mountains by Tajder and Raffaelli (1967). 


Chloritoid is not uncommon in some metasediments and metabasalts present 
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in ophiolitic associations. In this paragenesis the chloritoid is -characteristically 
associated with glaucophane and garnet as was reported from the Ile de Groix by 
Lasaulx as early as 1883, from the Cyclades, Greece (Ktenas, 1907), the Alps 
(Tschopp, 1923) and more recently from Celebes by de Roever (1956). 


The chloritoid- glaucophane-phengite-chlorite- garnet-albite-bearing rocks of 
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the Ile de Groix have been studied by Velde (1967), Felix (1970), Kienast and 
Triboulet (1972) and Makanjuola and Howie (1972). The compositions of eight 
chloritoids (e.g. Table 78, anal. 24) from the schist and two from veins determin- 
ed by the latter authors show some to have an unusually high content of ferric iron 
and fluorine (up to 0°26 wt. % FP). 

In metasediments associated with ophiolitic rocks in the west and northeastern 
parts of the western Alps, assemblages with chloritoid in association with 
glaucophane, blue-green amphibole, garnet and jadeite have been described by 
Bocquet (1974). 

Chioritoid is present in the metasediments of the lawsonite-epidote transi- 
tional zone, Ouégoa district, New Caledonia (Black, 1975). The chloritoid is 
associated with chlorite and phengite while in the interstratified metamorphosed 
basalt sills, stilpnomelane occurs with chlorite and phengite. Compositions of 
two coexisting chloritoid-chlorite- ‘Phengite and two stilpnomelane-chlorite- 
phengite assemblages are shown in Fig. 370. The association of chloritoid with 
lawsonite and glaucophane in the glaucophane schists of southeast Celebes has 
been described by de Roever (1956). The presence of chloritoid has been reported 
in rocks of the pumpellyite zone (Frey, 1974) and with pumpellyite and lawsonite 
(Goffe et al., 1973). 

The presence of chloritoid in the smaragdite-saussuritic gabbros of 
Zermatt -Saas-Fee, Switzerland, and in the metagabbros of Riffmuhle, Steier- 
mark, eastern Alps, Austria, have been described by Bearth (1963) and Cadaj 
(1973) respectively. In both occurrences the chloritoid is magnesium-rich (Table 
78, anal. 33), with generally some 6 but as much as 10 wt. per cent MgO at the 
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Lirst locality and 5 Per COLL MgO ili Ue Riffmihle HIClaABaAVVIYV. Le repiacement 
in these rocks of the chloritoid by aggregates of paragonite, chlorite and 
magnetite is not unusual and may result from the instability of the 
chloritoid - glaucophane associated with falling temperature: 


glaucophane + chloritoid + H,O ~ paragonite + chlorite + quartz 
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Fig. 370. Composition of coexisting chioritoids, chlorites and phengites in metasediments, and coex- 
isting chlorites and stilpnomelanes in metamorphosed basalt sills in the lawsonite- epidote transitional 
zone, Ouégoa district, New Caledonia (after Black, 1975). 
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Similar assemblages to those described by Bearth have been Teported by 


Kienast and Tribouiet (i9/Z) trom Cortina. Here chioritoid (Table 78, anal. 31) 
and glaucophane occur as the retrograde products of an eclogite assemblage: 


omphacite + garnet > chloritoid + glaucophane + epidote 


the chloritoid and glaucophane themselves later being replaced by paragonite + 
chlorite. 

The association of chloritoid with albite or a sodian plagioclase, although less 
common than the association chloritoid—-paragonite, has been noted at a number 


of localities. inch uding Stonehaven (Barrow 1202) Rawlhincville) Penncevivania 
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(Cloos and Hietanen, ‘1941; Hietanen, 1951), the Kitakami median metamorphic 
zone, northeastern Japan (Seki, 1954), and at Piesse’s Knob in the Broken Hill 
area, New South Wales (Misar, 1971). A  chloritoid-paragonite-albite- 


garnet - muscovite- quartz-zoisite schist, Po valley, Italy, has been reported by 
Warder (1Q054)\ The cuasectinon hy Zen (1064Na) that the nhcarved relatinnchine he. 
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tween chloritoid, paragonite and albite are due to differences in metamorphic en- 
vironment such that the reaction: 


has been considered by t ulet (1972). By constructing univariant 
curves using a Schreinemaker’ rsa analysis in n the system Na2O- Al,O-MgoO, and in 
conjunction with observations on assemblages from the Alps and the Ile de 


na 

Groix, these authors derived possible stability fields of chloritoid and sodium 
silicate assemblages, and the possible reactions between chloritoid, paragonite, 
albite, chlorite and glaucophane, and concluded that reaction (1) occurs at 
pressures greater than @ 6°5 kbar and temperatures less then ¢ 550 °C, and reac- 
tion (2) at P< 6:5 kbar and T> 530°C. 

The occurrence of chloritoid in other low grade assemblages include those of 
diaspore-white mica-quartz, diaspore-ferrocarpholite, chlorite-epidote- 
garnet- white mica-quartz, and phengite- paragonite-chlorite- albite- quartz - 


calcite in the western . Alps (Bocquet, 1974), chlorite -clinozoisite- apatite schist 
of the Suretta nappe, Bergell Alps (Wenk, 1974), and diaspore- chlorite - hema- 
tite- ilmenite in the Alanya region, Turkey (Cailliére et a/., 1975). Its association 
with margarite in greenschist facies rocks of the northeastern part of the 
Chateaulin basin, Cotes-du-nord, western France, is described by Sagon (1967). 

Higher grade assemblages. Although the association of chloritoid and staurolite 
is generally restricted to the upper greenschist- lower amphibolite facies its ap- 
pearance in higher grade rocks is not uncommon. 

In many higher grade metapelites in the polymetamorphic schists of the Pen- 
nine nappe, Klein (1976), of the Morlaix region, western Brittany (Cabanis and 
Fabriés, 1972), and the mica schists of the French Aips (Bocquet, i971), 
chloritoid is commonly associated with staurolite, garnet and/or kyanite, and in 
such metapelites is in the process of being consumed in staurolite-producing reac- 
tions; in others chloritoid and staurolite appear to be in equilibrium (see 


staurolite section, Pp. 847). The association of chloritoid and kyanite in ‘the 
Mesozoic rocks of the Pennine nappes, Switzerland and of the High Tauern has 


been described by van der Plas et al. (1958) and Frasl (1958) respectively. The 
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association occurs also in the Permian of Turkey (van der Kaaden, 1959), and in 
Upper Palaeozoic rocks along the boundary of the Gemeride and Vaporide for- 
mations, Slovakia (Vrana, 1964.) 

In the Adula region (van der Plas, 1959), chloritoid is present in garnet- 


kvanite-bearing schists and auartzites, and in more calciferous schist assemblages 
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that include garnet, kyanite, chlorite, muscovite, calcite and quartz. In the latter, 
chloritoid occurs in sigmoidal poikiloblastic aggregates with garnet, kyanite and 
chlorite, and in these rocks the textural relationships indicate that the chloritoid 


has been partially replaced by the garnet. 


The zonal sequence (1) chloritoid-chlorite-kyanite, (2) staurolite- 
chloritoid- chlorite— kyanite, Q) biotite - staurolite- chloritoid- chlorite- kyanite, 


(4) biotite- staurolite- garnet -chiorite- kyanite, in the ultrahelvetic rocks of the 
Lukmanier Pass area, Switzerland, has been described by Fox (1975). The transi- 
tion from both the first to the second, and from the second to the third zone, 
takes place without loss of any of the phases of the preceding zone, except that 
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the chloritoid in the fourth zone is present only as inclusions in garnet, The 
chioritoid (and other phases) display inhomogeneity both within individual 
crystals and between grains in the same thin section but, notwithstanding this ap- 
parent small scale ‘disequilibrium’, the zone boundaries are sharp and in accord 
with the ence of univariant equilibria 
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Zone 1 > 2 chloritoid + kyanite = staurolite + chlorite + quartz + H,O 


Zone 2 > 3 chloritoid + chlorite + muscovite = staurolite + biotite + quartz + 
H,0 


Zone 3 > 4 chloritoid + muscovite + quartz = staurolite + garnet + biotite + 


Within the individual zones there is a progressive sequence of increasing products 
and decreasing reactants particularly of chloritoid and staurolite in the second 
zone. The modal change, however ’ is not marked b oy any significant difference in 
the composition of the chloritoid from Fe,.53;Mgo.soAl3.97Siz.9O12 in the second 
to Fe;.ssMgo.49Al3.93Si;.99O)2 in the third zone. 

In the Dalradian rocks of northeast Scotland, chloritoid is present in the lower 


grades of the staurolite zone, but here it is not idioblastic i in form, diminishes in 
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amount as the grade increases and is absent in the higher graaes O71 ine zone 


(Williamson, 1953). 
In addition to the lower grade assemblage, chloritoid-chlorite- paragonite in 
quartz-muscovite schists, higher grade assemblages consisting of chloritoid- 


kyanite- chlorite- paragonite, and chloritoid- garnet- chlorite- paragonite in the 


anita wmnmae mes fate at Duenwnt annnten Tarmnant have heen deecrihed hu 


kyanite zone pelitic schists at Mt Grant, centr al Ver MOfnt, Nave OCC Glscer07a vy 
Albee et al., (1965). The two assemblages occur in rocks of different chemical 
composition but from the field evidence are considered to be of the same 
metamorphic grade. Chloritoid- and kyanite-bearing associations are generally 


accompanied by staurolite, andalusite and garnet and are usually inferred 
to represent regression of a higher grade assemblage. The association chloritoid - 
kyanite- chlorite - paragonite of Mt Grant is a prograde assemblage, and the per- 
sistence of chloritoid and chlorite may here be due to relatively high a, for the 


pressure and temperature at which kyanite is usually formed. Analyses of the 
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chloritoids (both ‘monoclinic) in the two associations are given in Table. 78, 
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anals. 13, 25, and the observed assemblages and compositions of the coexisting 
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Fig. 371. Compositions of coexisting phases in chioritoid - kyanite- chlorite and chloritoid - garnet - 


chlorite-bearing assemblages in the kyanite zone schists of Mt Grant, central Vermont, on the 


Thompson projection of the K,0- Al,O, - FeO- MgO tetrahedron (after Albee etal., 1965). 


phases are shown on the Thompson projection of the K,O-Al,0;-FeO-MgO 
tetrahedron of Fig. 371. 


The chloritoid-staurolite quartzites of the Clough formation, Moosilauke 
Ss wi 


quadrangle, New Hampshire, are m mainly associated with pelitic schists 
assemblage consisting of staurolite—chiorite-biotite-muscovite- quartz, and 
also occur within the band of uncertainty of the kyanite-sillimanite isograd 
(Rumble, 1971). Examples in which chloritoid, staurolite and kyanite occur in 
intergrowths showing no textural evidence of mutual replacement are present in 
these rocks. Moreover there is a mutually consistent Fe- Mg distribution for the 
coexisting chioritoid, staurolite and garnet implying that the phases have 
crystallized in equilibrium (Fig. 372). In the Agnew Lake area, Sudbury district, 


Ontario, the temperature, 550°C, of the reaction: 


66 chloritoid + 8 quartz + O, = 12 staurolite + 12 almandine + 2 magnetite + 
60H,0 


based on the equilibration temperature of pyrrhotite and pyrite, is given by Card 
(1964), and is similar to that estimated by Albee (1972) from the oxygen isotope 


data for the coexisting quartz and magnetite. 


The association of chloritoid and kyanite in the metamorphosed aluminous 
soda rhyolites in the Villebon area, south central Quebec, is described by Vogel 
(1978). 

Semipelitic schists, containing chloritoid, staurolite, garnet, muscovite, and 


quartz in textural equilibrium, are present in the sillimanite ( (fibrolite)- alman- 


dine - biotite zone in the Sini area, Singhbhum, India (Lal and Ackermand, 1979). 
The schists record two episodes of medium pressure Barrovian-type metamor- 
phism and the above assemblage was developed syn-or post-kinematically during 
the first deformation. The origin of the assemblage, whether retrograde due to 


continous hydration reactions: 
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Fig. 372. AFM projection of compositions of coexisting chioritoid—staurolite-(kyanite), and 
chloritoid - staurolite- garnet in chloritoid quartzites, Moosilauke quadrangle, New Hampshire (after 
Rumbie, 1971). 
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or procrade due to the stabili 
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iz 
creasing temperature by the (Fe- 
33 chloritoid + 12 quartz = 6 staurolite + 7 garnet + 27 H,O 


is discussed by Lal and Ackermand. A prograde origin is favoured based partly 
on the evidence of high K verte values for the chloritoid-staurolite pairs where 
this association occurs in the fibrolite zone compared with those developed at the 
lower temperatures of the garnet- chiorite- muscovite zone (F ig. 3 73). 

The unusual occurrence of chloritoid within garnet coronas around original 


olivine sites in the metagabbros of the Allalin ophiolitic intrusion, Valais, 
Switzerland, has been studied by Chinner and Dixon (1973). The coronites are oc- 
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cupied by various combinations of chloritoid, talc, omphacite, glaucophane with 
colourless hornblende, rutile, magnetite and more rarely with chlorite and 
kyanite. The chloritoids are magnesium-rich (Table 78, anal. 32) and their com- 


position, together with the associated talc and chlorite are illustrated in Fig. 374. 
The most magnesium-rich assemblage chloritoid~talc-kyanite-chlorite, is in- 
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compatible with quartz: 
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chlorite + quartz = = kyanite + talc + chioritoid + water (1) 
(Mg, Fe)-chloritoid + quartz = kyanite + talc + (Fe,Mg)-chloritoid + water (2) 


amnietely 
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compositions of intermediate SiO2: (Fe °.Mz)O ratio the "assemblage is (kyanite) - 
talc- chioritoid that is also incompatible with quartz. Assemblages with quartz do 
not occur in the olivine sites, and the precise composition of the most Mg-rich 


chloritoid stable with free silica is not known, but will be at least as iron-rich as 
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Fig. 373. AFM projection of mineral compositions from chloritoid— staurolite- garnet-bearing rock 
(open circles) and the sillimanite-bearing schists (solid circles) of Sini, Singhbhum district, India (after 
Lal and Ackermand, 1979). 
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Fig. 374. The system FeO-MgO- Ai,0,-SiO,-H,0 projected on the piane Mg-chioritoid - Fe- 

chloritoid - SiO, showing the compositions of coexisting chloritoid-chlorite-talc and of 
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chioritoid- talc pairs. x INGDICAICS the hypothetical composition of the most magnesian chiontoid 
which could exist with kyanite and quartz under the metamorphic conditions of the Allalin metagab- 
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bro, Vaiais, Switzeriand (after Ciinner and Dixon, 1973). 


chloritoid- kyanite-talc- garnet - chlorite-omphacite 
chloritoid - kyanite-talc- garnet - glaucophane 


and these may be related to (1) and (2) by the equation: 


9 chioritoid + 12 omphacite (Jdso) + 4 talc = 3 glaucophane + 8 garnet (Gro2s) + 
1 kyanite + 10H,O 
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Contact aureoles. The presence of chloritoid in hornfelsed rocks has been 
reported by a number of authors. Thus Tilley (1925) described chloritoid-an- 
dalusite- muscovite- quartz schists with accessory tourmaline, sphene and rutile 
within the aureole of a granite mass, Eyre Peninsula, South Australia. Other con- 


tact naragenecec inclhide thoace in cchicte (rentral Cierra Tanne: Marmn 1088) 
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and in hornfelses within the contact aureole of the Bushveld complex (Read, 
The association of chloritoid, ferroanthophyllite and cordierite, the latter com- 


monly occurring as rims around the chloritoid, has been described in hornfelses 
adiarant tn the Vredefort dAnme Cniuth Africa (Nel 1927) Tho 


aqajyacent t\Y Lliw FINNIE MVlliv, WILE LEL CALIE au NW, fje a ne Same association 
has also been noted in the Kitakami median metamorphic zone, northeastern 
Japan (Seki, 1954). 


Hydrothermal veins and altered rocks. The presence of chloritoid in hydrother- 
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phyllites and schists, has been described by Friedlaender (1930), Gustafson 
(1946), Hietanen (1951), Michot (1955), Halferdahi (1961), Vrana (1964) and 
Makanjuola and Howie (1972). Its presence in replacement veins in the main 
Nyange granite pegmatite, Ankole, Uganda, has been reported by Knorring et 
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tergrowths with quartz in pods and lenses, possibly resulting from growth into 
voids that were subsequently filled by quartz, occurs in pelitic schists at Mt 
Grant, central Vermont (Albee et a/., 1965). 

Porphyroblasts and sheaf-like aggregates of prismatic crystals of chloritoid in 
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been described by Simpson (1937) and Prider (1947). In these rocks sericitized 
feldspar is considered to have provided an aluminium-rich environment suitable 
for the crystallization of chloritoid during a later phase of low grade metamor- 
phism. Chloritoid occurs in lenses of pyrophyllite associated wtih tuffs, rhyolites 
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sidered to be of replacement origin (Stuckey, 1926). The presence of chloritoid in 
ankeritized lavas in the Hollinger mine, Ontario, Canada, has been recorded by 
Gustafson (1946). Other occurrences of chloritoid in areas of mineralization in- 


cluding those at the Harvey Hill and Barvue mines, Quebec, have been recorded 
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the chloritoid is typically present as the triclinic polymorph. 


Retrograde metamorphism. In some higher grade assemblages chloritoid is 
derived from retrograde rather than prograde reactions. The evidence for this 
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curence as pseudomorphs after phases that are characteristic of medium to high 
grade metamorphism. Thus in the chioritoid- kyanite- muscovite- quartz schist 
in the Saxa Vord area, Unst, Shetland Islands, the conversion of staurolite + 
garnet — chloritoid + kyanite is demonstrated by the presence of relic staurolite 
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shimmer aggregates of white mica containing laths of chloritoid and kyanite has 
also been reported by Read (1934), and the same author has described the replace- 
ment of a staurolite~kyanite-garnet-biotite assemblage by chloritoid and 
chlorite in the southern parts of the Valla Field block in Unst. The incipient 
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biotite-chlorite- quartz schist, south Dhalbhum, India, has been described by 
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Naha (1956). Other examples include the occurrence of chloritoid in sericitized 
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andalusite por phyroblasts in SCILTISTS within the aureole of the Donegal granite, 
Ireland (Naggar and Atherton, 1970), and the chloritoid pseudomorphs after 
garnet, biotite and andalusite in an andalusite- muscovite-biotite-chlorite- 
garnet - sillimanite assemblage at Piesse’s Knob, Broken Hill District, New South 


Wales (Misar, 1971). The formation of chloritoid from staurolite in some 
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metapelites of the Suretta Happe, Bergell Alps, during the period of retrograde 
metamorphism has been reported by Wenk et al., (1974). 
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